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Correlative In Situ Multichannel Imaging for Large-Area
Monitoring of Morphology Formation in Solution-

Processed Perovskite Layers

Simon Ternes,* Felix Laufer, Philip Scharfer, Wilhelm Schabel, Bryce S. Richards,

lan A. Howard, and Ulrich W. Paetzold*

To scale up production of perovskite photovoltaics, state-of-the-art laboratory
recipes and processes must be transferred to large-area coating and drying
systems. The development of in situ monitoring methods that provide real-time
feedback for process control is pivotal to overcome this challenge. Herein,
correlative in situ multichannel imaging (IMI) obtaining reflectance, photolu-
minescence intensity, and central photoluminescence emission wavelength
images on areas larger than 100 cm? with subsecond temporal resolution using a
simple, cost-effective setup is demonstrated. Installed on top of a drying channel
with controllable laminar air flow and substrate temperature, IMI is shown to
consistently monitor solution film drying, perovskite nucleation, and perovskite
crystallization. If the processing parameters differ, IMI reveals characteristic
changes in large-area perovskite formation dynamics already before the final
annealing step. Moreover, when IMI is used to study >130 blade-coated devices
processed at the same parameters, about 90% of low-performing devices contain
coating inhomogeneities detected by IMI. The results demonstrate that IMI
should be of value for real-time 2D monitoring and feedback control in industrial-
scale, high-throughput fabrication such as roll-to-roll printing.

1. Introduction

The unprecedentedly fast rise in power con-
version efficiencies (PCEs) of perovskite
solar cells (PSCs) over the last decade!'—
now surpassing 25%—triggered enormous
scientific and industrial interest in
solution-processed, large-area perovskite
photovoltaics.”) However, PCEs of PSCs
and perovskite modules processed with
scalable coating techniques lag behind
solution-processed ~ small-area  PSCs.”!
The record certified PCE of a large,
solution-processed  perovskite  module
(802cm?) of 17.9% was achieved by
Panasonic.”! Some of the losses on upscal-
ing to modules originate from the mono-
lithic interconnection schemes, including
the sheet resistances of the transparent con-
ductive oxides (TCOs), the series resistances
of the TCO-Electrode interconnections, and
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the inactive areas due to the scribing lines.””!
A decrease in PCE of around 1.5%,, is
typical for laser patterning of the three
scribe lines (pl, p2, p3), nearly independent on the module’s
aperture area.! However, just as in other researched thin-film
photovoltaic (PV) technologies,”! the dominant losses of PCE
on large-area perovskite modules are caused by morphological
defects in the absorber layer such as microcracks, material impu-
rities, or, most commonly, shunt paths. Even one defect in the
perovskite thin film can shunt a whole subcell or decrease its
performance substantially by introducing nonradiative recombina-
tion.[! These upscaling losses statistically increase with the mod-
ules’ aperture area because the probability of defects scales with
the area, limiting the achievable PCE of the whole module.
The challenge of depositing homogeneous high-quality perov-
skite thin films on large areas arises from the complexity of the
involved kinetic and thermodynamic processes.” In this work,
we will focus on scalable perovskite processing from solution
(although thermal coevaporation of the precursor materials!'®
is a very promising fabrication route, as well). The reason for this
focus is simply that the experimental techniques presented here
are not yet adapted to operation in vacuum.
The formation of perovskite thin films from solution is
commonly described via the following four stages:™ I) coating—
deposition of a wet film of precursor solution; II) drying—
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solvent evaporation out of the wet film leaving behind a dry,
amorphous film; III) nucleation—formation of crystalline seeds
through supersaturation; and IV) (re-)crystallization—coalescence
of crystalline colloids and formation of crystalline grains by crystal
growth.

Several strategies involving antisolvent quenching,™! gas
quenching,"? vacuum quenching,* and additives in the precur-
sor solution!'* have demonstrated control of these stages for
lab-scale devices. While these studies are certainly justified by
significant advances in morphology control and thus the PSC
device performances,™! they often do not fully address the ques-
tion how to transfer these processes to commercial-scale produc-
tion lines. Furthermore, the understanding of these mechanisms
relies heavily on ex situ investigation of the final polycrystalline
perovskite morphology. For a successful scale-up, the discrimi-
nation, analysis, and control of the dynamic perovskite formation
stages, I-IV, are important; each stage needs to be well controlled
in a spatially uniform manner. For this purpose, in situ charac-
terization methods capable of monitoring the perovskite forma-
tion in subsecond temporal resolution are needed. Preferably,
such method should also have a large-area detection window with
high spatial resolution to enable direct application in industrial-
scale production lines.

In this context, several groups are working on in situ photon-
in-photon-out characterization techniques (as described later)
because these methods are noninvasive, have high sampling
rates, and can operate in ambient environments. The techniques
can be classified according to the wavelength range of the inci-
dent photons (probe). In situ X-ray diffraction!"®"® revealed
important insight into the structural evolution of the perovskite
lattice from the liquid solution. However, it would require great
efforts to image large areas with X-ray scattering. These concerns
also apply for certain techniques operating in the infrared (IR),
such as Fourier transform infrared spectroscopy and terahertz
spectroscopy that were performed in situ on perovskite thin films
for finding N, N-dimethylformamide (DMF) and dimethyl sulfox-
ide (DMSO) containing intermediate phases!'>*” and resolving
the crystal growth dynamics.*") An example of large-area and fast
imaging in the IR region is dark lock-in thermography'® and sim-
ple thermography®” that were, however, never demonstrated
in situ to our knowledge. In the optical wavelength range, we
distinguish between: 1) in situ absorption/reflection techniques
probing the (wavelength dependent) absorption/reflection
coefficients;***! 2) in situ Raman spectroscopic techniques
measuring the vibrational phonon—photon interactions of the
material;® and 3) in situ luminescence techniques, detecting
the light emitted by the radiative recombination of excited charge
carriers.**%773%

Optical (or IR) techniques have the advantages that they can be
easily used for monitoring common solution processing meth-
ods such as spin coating”*?”*" or blade coating?®*** and that
they can provide large-area information at low cost using cameras
as imaging detectors, while the necessary large-area excitation
can be provided by high-power light-emitting diodes.
Luminescence and reflectance imaging on large areas—
established already in other PV technologies as silicon,*
GaAs,**! CdTe,”® and CIGSP”—as well as luminescence
microscopy®®*?! demonstrated to yield critical information on
the perovskite thin-film quality and the performance of devices
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incorporating these films.**** However, to the best of our
knowledge, there is currently no technique available combining
both imaging capability on large areas and rapid real-time opera-
tion for analyzing the dynamics of the perovskite formation.

In response, we developed an in situ monitoring technique
based on a commercially available scientific camera, an inexpen-
sive ring light source, and a 3D printed rapidly rotating filter
wheel that is able to generate sequences of images of reflectance,
photoluminescence (PL) intensity, and an estimation of the cen-
tral PL emission wavelength at a “frame-rate” of 3 fps each. This
technique, which we call in situ multichannel imaging (IMI),
enables the dynamic stages, I-IV, to be tracked in both space
and time. To provide idealized conditions for testing the capabil-
ity of IMI, we maintain full control of the air flow and tempera-
ture over the sample. With this idealized reference at hand, we
will demonstrate that IMI would be useful in industrial-scale
coating lines.

2. Results and Discussion

2.1. In Situ Multichannel Imaging for Perovskite Process
Monitoring

IMI is a unique and scalable technique that is able to acquire
reflectance, PL intensity, and PL emission wavelength images
with high spatial and temporal resolution (experimental details
about the setup are found in Experimental Section). Installed on
top of a drying channel as shown in Figure 1a, IMI allows all the
perovskite formation stages, I-IV, to be studied under well-
defined reference conditions!*® (that is a laminar air flow and
an exact substrate temperature). Figure 1b—d shows exemplary
overviews of the data recorded by IMI through its reflectance,
PL intensity, and central PL emission wavelength channels dur-
ing the drying of a blade-coated perovskite precursor film (for
details, see Experimental Section). Three images at the distinct
times 10, 100, and 200 s are displayed along with four sample
points, 1-4, in each image (t = 0s is chosen as the onset of
the PL intensity upon nucleation). Below the images, the 1D tran-
sients extracted from the sample point positions are plotted with
high temporal resolution.

For the application in a large roll-to-roll coating system, the
IMI technique can be scaled by simply replicating the setup mul-
tiple times along the web and synchronizing the setups with a
simultaneous trigger signal (see Figure le). High-throughput
operation would be compatible with this configuration (for
details, see Experimental Section). Yet, in the following analyses,
we use a single IMI setup over a stationary substrate in the
laminar flow channel as shown in Figure la. This configuration
enables the assessment of the capabilities of IMI in a reference
process of perovskite device fabrication by blade coating. It is cru-
cial to note that this study demonstrates a correlation of the IMI
data to the performances of the PCSs fabricated on the respective
examined areas (for details, see Experimental Section). Based on
this correlation or a similar study, IMI can be used in the future
for in-line monitoring of a chosen solution process without the
need to fabricate complete devices. For the assessment, we com-
pare and correlate the IMI images and device performances of 20
blade-coated perovskite films (48 mm x 32mm) dried in the
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Figure 1. a) Schematic of the IMI setup mounted on top of a
home-built drying channel for temperature and air flow control.
The perovskite solution film is deposited by blade coating (omitted
for simplification, details in Experimental Section). b) Reflectance,
c) PL intensity, and d) PL central emission wavelength as measured
over time (during the nucleation and recrystallization phases, Ill and
IV) extracted from sample points drawn with corresponding
colors in the exemplary full images taken at three instants in time.
e) Schematic of a possible upscaled IMI technique in roll-to-roll
fabrication by replication of the setup along the coating web. The
employment of one setup in the drying channel on an evolving perov-
skite film as a function of time simulates data that many cameras
would obtain on the roll at one instant in time as a function of the
position on the web, given by the product of the web velocity v and
time t.
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laminar air flow at different processing parameters. Relying on
an already optimized blade coating recipe of a previous work,*®!
we compare IMI data of samples at different parameter regimes:
three samples dried at a temperature of 30°C and an air flow
velocity of 0.02ms™" (30°C, 0.02ms™"); three samples dried
at a drying temperature of 20 °C and an air flow velocity of 2m

“1(20°C, 2ms'); and the remaining samples dried at a tem-
perature of 40 °C and an air flow velocity of 2ms™" (40°C, 2m
s7Y). The annealing temperature and time are kept constant at
about 100 °C and 6 min (after a drying time of 3 min and a ramp-
ing time of 4 min), respectively. The results are summarized in
Section 2.2 and Figure 2a—d, which are based on data available in
the Full Videos in the Supporting Information. Subsequently, we
demonstrate, by solely examining (40°C, 2ms~") samples in
more detail, that IMI is capable of detecting various types of coat-
ing defects in real-time during the perovskite formation process
in Section 2.3 and Figure 3. We note that, although we use blade
coating as reference coating method, IMI is also compatible to
other scalable solution processing methods. In slot-die coating,
the solution film is formed through a liquid meniscus such as in
blade coating,*’! so no significant differences in the application
constraints of IMI are expected (see again Figure le). In inkjet
printing, the solution is deposited via a repetitive, fast ejection of
small, individual droplets.[*¥! To apply IMI on such a system, one
would need to make sure that the print head is not in the field of
view, while it moves over the substrate. This could be achieved by
synchronizing the camera trigger with the movement of the print
head or by mounting IMI directly on top of the print head. The
same constraints hold true for spray coating, where an (ultra-
sonic) air nozzle ejects a mist of small droplets toward the sub-
strate*”) (although such nozzle does not require very complex
electronics and is therefore commonly smaller than an inkjet
print head). To sum up, the only restriction for applying IMI
to different coating methods is a free field of view on the drying
thin film after the coating as measured from a minimal distance
of 5cm.

2.2. IMI Process Monitoring Comparison of Different
Processing Conditions

Here, we demonstrate that IMI is able to consistently monitor
solution film drying (stage II), perovskite nucleation (stage
I1I), and perovskite (re-)crystallization (stage IV) over the entire
sample area. If the processing parameters differ, IMI reveals
characteristic transients in large-area perovskite formation
dynamics already before the final annealing step, relying on
its three input channels that are discussed in the following.
We note that, for every processing parameter tuple, we have mea-
sured several substrates. The depicted 1D graphs in Figure 2 are
thus a robust average over multiple substrates and multiple prob-
ing points, relying on 15 sample transients per parameter set.

2.2.1. Reflectance Channel

The drying of the coated perovskite solution film, stage II, is
monitored in the reflectance channel (see Figure 2a,d and Full
Videos with suffix “ND” in the Supporting Information) right
after the blade passed through the field of view during coating,
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Figure 2. Comparison of in situ transients and sample images of the a) reflectance, b) PL intensity, and c) PL central emission wavelength channels along
with the applied temperature and experimental parameters d) for three typical regimes: (30°C, 0.02ms™"), (20°C, 2.0ms '), and (40°C, 2.0ms™").
The Full Videos can be downloaded from the Supporting Information. The solid line is the median over multiple points shifted in time with respect to the
delay of the PL (and nucleation) onset, t = 0s, (see Figure S4, Supporting Information), while the shaded area is enclosed by the 75% and 25% quartiles.
(In particular, the time in the labels of images 1-4, 5-8, and 9-12, which is the time starting with the coating stage |, is shifted 26.6, 10.4, and 8.1s,
respectively, relative to the time of the common x-axes). The perovskite formation stages, -1V, are indicated on top of this data. The PL wavelength
calculation was truncated at the point in time where the camera signal was of comparable magnitude as the camera’s noise level (measured on an image

extract with no sample).
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stage I. In this drying stage, the wet solution film is transparent,
such that the surface of the patterned ITO/SnO, glass substrate
is visible (see Figure 2a, Image 1 and/or Full Videos with suffix
“ND”). On the samples fabricated at (30°C, 0.02ms™") and at
(20°C, 2ms™ "), we observe oscillations in the reflectance chan-
nel for about 30s (see 1D data marked with the drying stage II).
These oscillations result from thin-film interference during sol-
vent evaporation and correlate with the drying rate (see Suppl.
Note 5 and Figure S5, Supporting Information). We note that
the decreasing oscillation frequency/drying rate before the end
of the drying process is in accordance with state-of-the-art model-
ling of the drying process in wet perovskite solution films.** For
the (40 °C, 2 m s ') samples, the drying process is so fast that the
oscillations average out during the chosen 10 ms exposure time
of the camera. However, for all investigated regimes, it is possi-
ble to compare the overall, average drying rates relative to each
other: we assume that these rates are given by the same wet film
thickness divided by the respective drying time—defined as the
timespan from the coating, stage I, until the onset of the nucle-
ation, stage III (the latter is detailed later). This assumption is
valid considering the same blading speed, gap, and solution vol-
ume is used for all substrates and the fact that the viscosity®" of
the solution does not change much by temperature differences of
only 10 K. The drying time results in around 10s for the (40 °C,
2ms~') parameter samples, around 3 times as much for the
(20°C, 2ms™") samples and 8 times as much for the (30°C,
0.02ms™") samples. It is evident that both the temperature
and the air speed impact the drying rate (see additionally
Figure S6a,b, Supporting Information). Moreover, we qualita-
tively assess the homogeneity of the transparent solution film
because inhomogeneities at the surface of the solution thin-film
deflect the light emitted by the LED ring. For example, in case of
the (20 °C, 2m s~ ') sample, the solution is pushed in transparent
droplets over the sample by the air flow (see Full Video
“02_low_temperature_ND”). This undesirable process is easily
detected by monitoring the reflectance video, and could be used
to adjust process parameters.

Subsequent to the drying, the reflectance decreases due to the
formation of the perovskite absorber, indicating clearly the onset
of the nucleation process, stage III (see Full Videos with suffix
“ND”). This is marked as t = 0s on the graph and all 1D averaged
transients in Figure 2 (as well as Figure 1) are shifted to this very
same point in time. (Due to the asymmetry of the air flow, the
nucleation starts at the left edge of the sample where the air flow
arrives and moves to the right with time for all regimes.)

Differences in the homogeneity of the reflectance after the
nucleation yield information about the nucleation density and
the crystal growth. For samples deposited at (30°C, 0.02ms™"),
the solution slowly transitions into the supersaturation.
Therefore, the nucleation density is low and the growth of indi-
vidual nuclei can be observed (see Figure 2a, Images 3—4 and Full
Video “01_low_air_flow_ND"). As a consequence, the perovskite
thin film appears very rough (root mean square roughness S, =
0.43pm measured by white-light interferometer [WLI]) and
exhibits many areas where the perovskite does not cover the sub-
strate, which is, in turn, detrimental for the device performances
as detailed later. At (20°C, 2ms™ ') and (40 °C, 2 ms ') however,
the reflectance image appears homogenous after the nucleation
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because the nucleation density is higher than the spatial resolu-
tion of IMI, as caused by a rapid drying due to the high air flow
(see Images 5-6 and 9-10 in Figure 2a and Full Videos
“01_low_temperature_ND” and “01_optimal_ND”). Under the
(40°C, 2ms™) regime, the perovskite film cracks into several
segments (best visible in video “01_optimal ND”). This is
accounted to internal stress occurring upon the fast drying of
the film.°" (As the cracks are very narrow, we will classify them
as thickness/roughness variations in Section 2.3).

Subsequent to the nucleation, the reflectivity of the film
increases for the (20°C, 2ms™") and (40 °C, 2 m s~ ') parameter
scenarios (see increasing reflectance in 1D plots in second and
third row of Figure 2a, Images 7-8 and 11-12 as well as Full
Videos “01_low_temperature_ND” and “01_optimal_ND”). The
reason is that the nucleated crystal grains coalesce as part of
the (re)crystallization, stage IV, to yield a new surface with
increased diffuse scattering from the surface. In the (40°C, 2m
s™!) parameter regime, this coalescence occurs at about
t=100s, exhibiting a morphological landscape of connected
crystalline segments as well as pinholes and coating inhomoge-
neities (Figure 2a, Image 12). These features and their effects will
be further analyzed in Section 2.3. For the (20°C, 2ms™ ') sam-
ples, the emerging surface is rougher (root mean square rough-
ness S, = 0.28 um measured by WLI) than in the case of the
(40°C, 2ms™') samples (root mean square roughness Sg=
0.19 pm measured by WLI) as caused by the inhomogeneous
wet film described earlier. For these samples, the coalescence
occurs in two substages; a very short one at t = 105 s (only visible
in the Full Video “02_low_temperature_ND”) and another one at
t = 200s when the temperature is elevated to 50°C (see second
1D plot of Figure 2a and Image 8). This dynamic is attributed to
remaining volatile components in the film at T = 20°C that par-
tially delay the crystallization. These are, for example, methylam-
monium in compound with residual chloride and acetate
trihydrate introduced by the lead saltsl®***! or simply H,O con-
tained in the acetate trihydrate. For the (30°C, 0.02ms" ') sam-
ples, no coalescence is observed, which is once more an
indication for rough, individual crystalline islands that leave
uncovered areas in between (see Images 1-4 of Figure 2a and
Full Video “01_low_air_flow_ND”). Consequently, for the
(30°C, 0.02ms™ ") samples, the reflectance signal remains
almost on a constant level, only showing a very slight drift
because the light is mainly reflected by the glass surface, while
the perovskite crystals have a minor contribution (see reflectance
in 1D plot in first row of Figure 2a). Altogether, our analyses
show that IMI consistently monitors the speed of solution film
drying, stage II, the reflectance decrease upon the nucleation,
stage III, and inhomogeneities in the evolving polycrystalline
perovskite thin-film morphology during the (re-)crystallization,
stage IV.

2.2.2. PL Intensity Channel

For all investigated samples, the PL emerges with the onset of the
nucleation process of the perovskite absorber, stage III. The
perovskite nucleates first at the edge closest to the impinging
air flow and then the nucleation front progresses from left to
right along the air flow direction (as visible in Figure S4,
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Supporting Information, Figure 2b, Images 1-4 and all the Full
Videos with suffix “PL”). The time that the nucleation front needs
to cross the 48 mm long substrate from the left to right depends
on the drying parameters. Under the (30 °C, 0.02 m s ") regime
this time is around 220, for the (20 °C, 2 m s™") regime around
50s, and for the (40°C, 2ms™') regime around 20s.
As explained earlier, in the 1D data shown in Figure 2 (and
Figure 1), we compensate for this delay by shifting the transients
to the initial onset of the PL intensity (t = 0s). (The data is then
averaged over multiple spots on multiple samples and plotted as
the median along with its 25% and 75% quartiles.)

Comparing the PL intensity in the (40°C, 2ms™') parameter
regime with the other two scenarios, we realize that the overall PL
intensity is much higher in the (40 °C, 2 m s~ ') case (see height
of 1D transients and scale bars on the right-hand side in
Figure 2b). At its peak, the PL intensity averages to about
20000 counts over the sample area, which is about 40 times
higher than at the peak of the (30°C, 0.02ms™") samples
(around 500 counts) and 4 times higher than for the (20°C,
2ms) samples (around 5000 counts). These large differences
in magnitude imply differences in the optoelectronic perfor-
mance of these layers. A lower PL intensity at equal excitation
is commonly attributed to a decrease in PL quantum efficiency
(PLQE). The reason could be increased nonradiative recombina-
tion at defect sites,® thus a decrease in the internal PLQE.
However, it is also possible that the coupling of the excitation
light into the film®! or the outcoupling of the PLF® is altered
due to different optical properties of the film surface decreasing
the external PLQE (as will be explained in the next section). In
both cases, it is very likely that differences in the respective poly-
crystalline thin-film morphologies, that is, the texture and rough-
ness, play a role. A closed film with large grains was
demonstrated to yield higher PL intensities due to a lower non-
radiative recombination probability at the SnO, /perovskite inter-
facel®”! or a lower density of grain boundaries®® (although these
results are still under discussion, to date®”). However, it is cer-
tain that significant differences in thin-film morphology imply
different coupling to excitation light and outcoupling in the direc-
tion of the detector, decreasing or increasing the external
PLQE.®” Consistently, the statistical distribution of the PCEs
of PSCs incorporating the respective thin films shows significant
differences in the optoelectrical performance depending on the
processing conditions (see Figure S7, Supporting Information).
For the (30°C, 0.02ms™ ') samples, most device PCEs are
around 5%, while it is about 10% for the (20°C, 2ms™ ') and
15% for the (40°C, 2ms™") samples. However, the statistical
spread remains high for all scenarios, originating from random
defects (further analyzed in Section 2.3).

The transient shape of the PL intensity over time can be
explained as follows. In all three regimes, the PL intensity exhib-
its a broad maximum around 50-100 s after the nucleation onset
(see 1D average data in all three rows Figure 2b). We conclude
that the initial PL increase could be simply caused by more and
more perovskite crystal seeds nucleating and growing in the
supersaturated solution. This explanation is confirmed by exten-
sive research of other groups.®*%!! In addition, it is plausible that
the defect density decreases with the drying time increasing the
PLQE, possibly due to the influence of humidity?®** or due to
photocuring.®®! The subsequent decrease in PL intensity is
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commonly attributed to structural changes within the perovskite
as caused by the (re-)crystallization process, stage IV: Wagner
et al. state that the merging of individual crystal seeds increases
the nonradiative recombination probability due to the forming of
new crystal boundaries favoring this energy transfer./°} Franeker
et al. attribute the decrease in the PL intensity to an increase in
the diffusion length along the vertical direction of the film,
enabling the charge carriers to recombine nonradiatively at
the bottom contact.””! Both of these mechanisms are highly
plausible.

Under the (30°C, 0.02ms™") and (40 °C, 2ms™") parameter
regimes, the PL intensity decrease becomes steeper when the
temperature of the substrate is ramped (compare the 1D transi-
ents in Figure 2b with Figure 2d). In case of the (20°C, 2ms ™)
samples, the PL intensity exhibits a second maximum at
T =50 °C, which coincides with the coalescence observed in
the reflectance (probably caused by the removal of volatile resid-
uals as described earlier). However, after this maximum, the PL
intensity decay occurs just as in the other two scenarios. This
further PL decrease is possibly associated with additional mor-
phological changes but is certainly also caused by the increased
rates of nonradiative recombination at elevated temperatures!®*
(radiative recombination alone would show an opposite trend'®®)).
In addition, the excitation light might induce degradation,®®-”)
which is evidently accelerated by elevated temperatures. In this
context, it is reported that chemical reactions of the perovskite
with oxygen and humidity may decrease the PL intensity.>%*®
This decay continues until the noise level of the IMI camera
is reached given the limited power of the excitation light.
Other groups report that the PL intensity continues decreasing
until the end of the annealing process.***?

In summary, with regard to the correlative in situ characteri-
zation of the perovskite thin-film formation process, we demon-
strate that IMI consistently monitors perovskite nucleation and
perovskite crystallization over the entire sample area. Moreover,
IMI detects substantial differences between different process
parameter regimes.

2.2.3. PL Central Emission Wavelength Channel

Next, we analyze the PL central emission wavelength (calculated
as described later in Experimental Section and Suppl. Note 2),
which is a characteristic indicator of the perovskite band struc-
ture. The emission starts at about 760nm and then converges
toward about 780 nm for all processed regimes (see 1D average
data Figure 2c, Figure 2d and Full Videos with suffix “EG”).
Consequently, a redshift in the central emission wavelength of
about 20nm is observed. A very similar redshift was reported
before by in situ single spot PL analyses of drying perovskite
wet films and attributed to the growth and coalescence of perov-
skite crystalline grains.**®!! (We note that, here, we show for the
first time the spatial imaging of this phenomenon over the entire
substrate and use it for correlative analysis.) Agreement with
this explanation can be found in reports, stating that the PL
peak position depends on the average crystal grain size present
in a perovskite thin film,?”¢¢%7% which could be partially
caused by quantum confinement of excited charges in crystal
domains with comparable size as their exciton Bohr radius
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(<25 nm).”" Other effects contributing to the redshift are, first,
the growing film thickness increasing the average pathlength of
photons before emission, thereby increasing the probability for
photons to be reabsorbed and reemitted with lower energy.>®
Second, it is possible that the outcoupling probability of
“red,” below-bandgap photons that were initially trapped in
the film increases due to increasing surface roughness.>®
Finally, perovskite thin films dried under humid conditions
were shown to exhibit a redshift of about 20 nm.*®) All these
explanations are consistent with the fact that the redshift occurs
simultaneously with an increasing PL intensity during nucleation
and seed growth, the onset of stage III, as explained earlier.

The homogeneity of the central PL emission wavelength after
the initial redshift is an indicator of the quality of the formed film
surface. For the (40°C, 2ms™") samples, the wavelength con-
verges to a constant value over the entire substrate area after
about 100s, only disturbed by individual defects which will be
analyzed in detail in Section 2.3 (see Images 9-12 in
Figure 2c and Full Video “03_optimal_EG”). Accordingly, the
interquartile range (and thus the standard deviation) of the cen-
tral PL emission wavelength transients is low compared with the
other two regimes (see shaded areas in the 1D data in all rows in
Figure 2c). The reasons for the deviations in these samples are
explained in the following.

For the (30°C, 0.02ms ') samples, the wavelength reaches
about 790nm in the left part on the substrate, while the right
part of the substrate exhibits an opposite drift (see Images
3—4 in Figure 2c and Full Video “03_low_air_flow_EG”). This
opposite drift indicates that the perovskite formation is not com-
pleted yet in this region. Furthermore, due to the lack of coales-
cence, the peak wavelength exhibits significant variations within
the individual crystal grains, which is an indication for a poor
optoelectronic performance consistent with the inferior device
performances (see Figure S7, Supporting Information). For
the (20°C, 2ms™") samples, we find two plateaus that can be
correlated with the temporal positions of the two maxima in
the PL intensity due to the delayed formation dynamics described
earlier (see 1D data in second row in Figure 2¢ and Full Video
“03_low_temperature_EG”). The first plateau in the wavelength
range 750 to 760nm is reached directly after the onset of the
nucleation process. This is the spectral classification of the first
PL intensity peak. Then, for most positions on the substrate, the
emission shifts slowly toward 775 nm, the second plateau, until
the temperature increases. Subsequently, the wavelength drops
again and exhibits a minimum at the position of the second PL
intensity peak. We hypothesize that, upon the first plateau, the
growth and linking of nuclei reaches a semistable configuration,
which is again altered with time until the final morphology is
reached when the temperature is increased to 50 °C. As detailed
earlier, the size and linking of crystallites influence the spectral
characteristic of the thin film. Compared with the (40 °C, 2ms™)
parameter samples, the wavelength images of the (20°C, 2ms™)
samples show very rough structures as caused by inhomogeneous
coating due to the thickness and roughness dependence
of the PLP? (see Images 7-8 in Figure 2c and Full Video
“3_low_temperature_EG”). These coating inhomogeneities deteri-
orate the optoelectronic properties of these samples as compared
with the ones processed in the (40°C, 2ms™") regime (see PSC
device performances in Figure S7, Supporting Information). For
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all sample types, the PL intensity signal reaches the same magni-
tude as the noise level of the camera shortly after the temperature
rises. At this position, the wavelength calculation method is not
reliable anymore and the data are truncated at this point (compare
1D data in Figure 2b,c). Altogether, we demonstrate consistent
measurements of the central PL emission wavelengths as they
shift during the formation of the polycrystalline thin-film mor-
phology—for the first time to our knowledge in high spatial
and temporal resolution simultaneously.

2.2.4. IMI for Direct Feedback Control

As shown in the preceding sections, the three image transients—
recorded by IMI already before the annealing process—respond
sensitively to differences in the processing parameters, air flow
velocity, and temperature. Furthermore, IMI monitoring pro-
vides a high temporal resolution with large-area detection.
These unique capabilities (combined with the ability to classify
and localize defects described in Section 2.3) can be utilized to
feed IMI data directly into control electronics connected to drying
and coating machines, which is a prerequisite for establishing
direct feedback control loops in perovskite deposition lines.
Such direct feedback could be the essential stepping stone to con-
trol and reproduce perovskite deposition on large scales where
the exact processing parameters can drift or there are unknown
parameters such as ambient humidity, impurity of precursor
materials, or coordination chemistry in the solution'”? affecting
reproducibility. In this way, IMI would be a powerful tool for sta-
bilizing the perovskite fabrication process on areas greater than
100 cm? (or even on larger areas and in high-throughput produc-
tion using multiple setups, as shown in Figure le).

2.3. Predicting Device Failures with IMI

In Section 2.2, we demonstrated that, using correlative in situ
characterization via IMI, we are able to distinguish different
processing conditions based on differences in the recorded, aver-
age IMI transients and different macroscopic features in the
large-area IMI images. In this section, we use IMI to monitor
six substrates, later used for fabrication of 132 n—i—p architecture
solar cells (not all substrates were used for this study), processed
under the same (40 °C, 2ms™') parameter regime. In this way,
we demonstrate that IMI is able to identify defects that appear
randomly for this parameter regime.

2.3.1. Correlative Localization of Inhomogeneities

We use IMI to obtain a multichannel image database tagged with
the device performances by locating the active areas of the solar
cells in the acquired images of the perovskite layer (the data
acquisition is detailed later in Experimental Section). This spa-
tially resolved data enable a correlative analysis encompassing
the reflectance, the central PL emission wavelength, and PL
intensity images on the in situ side, as well as the same images
on the ex situ side, combined with an additional ex situ 2D film
thickness profile image as recorded by the WLI for checking the
consistency of our IMI data. (As detailed in Experimental Section
later, we designate any data acquired after the end of the
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annealing process at room temperature as ex situ). We investi-
gate the in situ images at the instant of highest PL intensity along
with the ex situ images and the WLI image as a demonstrative
example (see Figure 3). Typical reverse -V scans of the fabri-
cated PSCs measured under the solar simulator are plotted
(Figure 3d bottom) in correspondence with the magnified image
extracts. We recognize clear correlations between the device per-
formance and the recorded image extracts at the active areas of
the PSCs. The colored rectangles indicate the positions of the
active areas of the PSCs before the fabrication sequence is
completed (see Experimental Section for detailed fabrication

(a)

Intensity [1000 Cnts]

oy S e 30w yle [

In situ reflectance

Intensity [1000 Cnts]

(c)

Wavelength [nm]

Wavelength [nm]

Ex situ central em. wavelength

www.solar-rrl.com

sequence). The magnified images highlight the different types
of inhomogeneities that can be detected with our IMI technique
along with an extract where no defect is detected. The color code
designates the category of the detected defect as explained in the
next section.

2.3.2. Classification of Inhomogeneities

We identify three distinct categories of coating inhomogeneities
that can be detected with IMI as shown in Figure 3, summarized
in Table 1, and defined as follows: minor thickness/roughness

(b)

[s3uD 000T1] Ajisuaiul

[s3uD 000T] ANsusiul

[wr] aybioH

Current Density J [mA/cm?]

Voltage V [V]

= NO defect detected (15% < PCE)

Thickness/roughness vars. (10% < PCE < 15%)

Pinholes/dust (PCE < 1%)
Poor quality/sub-surface ( PCE < 10%)

Figure 3. Detailed correlative analysis on one (40°C, 2 ms ™) sample, displaying in situ und ex situ a) reflectance, b) PL intensity, c) central PL emission
wavelength images along with an ex situ d, top) WLI image, indicating the active areas of the solar cells fabricated later by color-coded rectangles. (No
defect detected: solid green; thickness/roughness variations: dashed turquoise; semiconductor quality defects/subsurface defects: dash dotted blue,
pinholes/dust-dotted purple) along with typical J-V curves of the solar cells incorporating the perovskite active areas of these categories (d, bottom).
The in situ images were captured at a working distance of 150 mm, while the ex situ images were captured at 50 mm. (The reason is that in the ex situ case
we do not utilize the drying channel).
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Table 1. Classification of detected inhomogeneities/defects as detected by IMI in in situ and ex situ mode as well as WLI (for the original data this table is
based on, see Figures S8a,b, Supporting Information). The data are correlated with the device performances of the 132 n—i—p solar cells.

Source Category | Category Il Category Il No defect detected

Thickness/roughness variations ~ Absorber quality/defect under surface Pinholes/dust Unknown
Best detection In situ and ex In situ and ex situ PL, All channels, None

situ PL, WLI emission wavelength preferably ND, WLI

Impact FF, Rueries Voc,FF, Reriess Rehunt FF, Voc, Jscr Rehunt -
Performance of most devices 10% < PCE<15% PCE <10% PCE <1% or n.a. 15% < PCE
#times detected (#times detected/#samples) 53 (40%) 12 (9%) 43 (33%) 24 (18%)
#devices with PCE < 10% in this category 24 10 43 9
#devices PCE < 10%/#times detected 45% 83% 100% 38%

variations indicated by lower and inhomogeneous in situ and ex
situ PL intensity and emission wavelength, confirmed by
ex situ WLI profile images (category I); semiconductor quality
defects/subsurface defects indicated by dark spots of quenched
in situ and ex situ PL intensity, accompanied by a fluctuating,
unsteady in situ and ex situ PL emission wavelength but not vis-
ible in the WLI and reflection images (category II); as well as
severe pinholes/defects visible in all image channels (category
II1). Regarding the classification, we conclude that PL imaging
resolves about 10% more defects than pure reflection or WLI
imaging, underlining the importance of the addition of PL imag-
ing channels to in situ monitoring setups (see category II in
Table 1). However, we note that reflectance imaging still identi-
fies surprisingly many defects as simple morphological features
(as well as other features as we showed in Section 2.2.1), which is
why we included the reflectance in this work.

Importantly, we find that all defects observable in the ex situ
(postanneal) PL can already be spotted before the annealing
process in the in situ images. In fact, the defects are even more
pronounced and easily observable in the preannealing in situ
images. Combined with the advantage of rapid in situ monitor-
ing to create feedback control mentioned earlier, this is clear
indication that IMI is highly attractive in industrial production
lines, especially when combined with other future extensions
such as automated image analysis.

2.3.3. Correlating Detected Defects with Device Performance

In Table 1, a statistical analysis encompassing all investigated
PSC active areas is presented, dividing them into groups accord-
ing to the category of defect detected by IMI. The full, detailed
statistical data are found in Figure S8ab, Supporting
Information. A defect detected by IMI during the film formation
in an active area will, in average, lead to a poorer performing
PSC. Thickness variations (category I) mostly decrease the FF
and increase Ry due to insufficient or inhomogeneous diffu-
sion of excited charge carriers. Quality variations indicated by
quenched PL (category II) result in a considerably lower Vg,
as well as a higher Ry, and lower FF due to increased nonra-
diative recombination. Pinholes (category III) decrease all -V
parameters, and thereby inhibit a decent device performance.
Pinholes cause shunts as indicated by a strongly decreased
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Ryunt, While Rgees Stays as low as in the case where no defects
are detected.

Categories II and III affect the device performances more
severely than category I. Out of all devices where the respective
defect was detected, 100% performed under 10% PCE in category
111, while 86% performed equally low in category II. In category I
however, this fraction was only 45%. These numbers can be sum-
marized to a remarkable result: out of the 86 low-performing
PSCs (PCE < 10%) only 9 did not show any irregularities in
the IMI images, proving that IMI is an effective tool for finding
potentially flawed device areas. However, the IMI technique also
detects many irregularities, which do not decrease the device
PCE to a level under 10% (24% of total investigated devices).
A future, more detailed image data analysis could tackle this
“false positive” rate, providing a more detailed classification of
defects based on their shape and temporal evolution to obtain
a fine-grained PCE prediction. In addition, determining (or even
imaging) the excited charge carrier lifetimes in the vicinity of
these defects could be of great value for understanding their
respective impact on the device PCEs. Given that the perfor-
mance of a PSC reflects also on the quality of the layers deposited
subsequent to the perovskite layer as well as the handling of the
sample, it is obvious that not every failure of a PSC can be pre-
dicted by IMI. For this reason, about one-third of the PSCs (38%)
built on active areas with no detected defect exhibit a perfor-
mance under 10% PCE. This fundamental limitation can only
be overcome by monitoring additionally the fabrication of the
previous and/or subsequent layers, which could, in principle,
be done by IMI in future works—possibly using an UV excitation
to achieve photon energies above the bandgap of these layers. It
remains, however, an open question if the PLQE of these layers
would be high enough to measure their luminescence or if
absorption/reflection would rather be the only available
information.

3. Conclusion

Correlative IMI of perovskite films from the coating until the
start of the annealing process is highly suitable for providing pro-
cess feedback and in-line monitoring of large-area perovskite
deposition processes. Detection of reflectance, PL intensity,
and PL central emission wavelength images of high spatial
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resolution on areas greater 100 cm? with subsecond temporal
resolution allow differences in the process parameters to be iden-
tified. The characteristic transients in reflection, the PL intensity,
and PL central emission wavelength can be used for feedback
control in industrial processing machines because they allow
slight parameter differences to be identified rapidly from IMI
transient data. Direct feedback could be a fundamental necessity
for controlling and reproducing the perovskite deposition on
large areas and time scales, potentially saving substantial efforts
in work time and material cost.

Furthermore, our first implementation of IMI performs very
well in identifying the vast majority (=290%) of random defects in
the perovskite layer that will lead to poor cells (PCE obtained by
reverse J-V sweep smaller than 10%), even before the perovskite
annealing step. This defect detection could be applied as an addi-
tional parameter for direct feedback control. Paired with the fact
that the IMI technique is comparably cheap, minimally invasive,
and scalable, IMI is well suited to industrial high-throughput
applications such as roll-to-roll printing. It could help monitoring
the perovskite deposition by providing early, direct feedback as
well as assessing and localizing inhomogeneities to sort out scrap
parts, all without the need to wait until the end of the annealing
process. With more sophisticated analysis of IMI transient
images, it could even become possible to precisely predict the
local PCE values in the future.

4. Experimental Section

IMI Setup: The IMI setup consists of a scientific CMOS camera synchro-
nized with a filter wheel rotating at a speed of 180 rpm and a 470 nm light-
emitting diode ring for excitation (the precise part specifications can be
found in Suppl. Note 1). Figure 1a shows a conceptual graphic of IMI,
while Figure S1, Supporting Information, provides a schematic of the elec-
tronics and a labelled photograph of the setup. The resulting framerate is
3 fps per channel, while the camera operates at 12 fps with a 10 ms expo-
sure time and a resolution of about 1000 pixels x 800 pixels. The four
channels in the filter wheel are loaded with: 1) a neutral density filter with
adjustable absorption (ND), 2 and 3) longpass filters at 760 and 780 nm
(760LP and 780LP), respectively, and (4) a shortpass filter at 775 nm
(775SP), combined with a 665 nm longpass filter to block the reflected
excitation light that would be able to pass through the 775SP filter other-
wise. An image is taken through each filter position in the wheel every time
it rotates past the camera. First, the intensity of the reflected excitation
light is imaged through the ND filter (see Figure 1b). Second, the PL inten-
sity is calculated by the sum of the 780LP and the 775SP images (see
Figure 1c). Third, the central PL emission wavelength is approximated
based on the ratios of the 760LP, 780LP, and 775SP images (see
Figure 1d). This is achieved using two look-up tables based on a simple
optical model of perovskite PL emission spectra as introduced by Chen
et all? (for more detail, see Suppl. Note 2 and Figures S2-S3,
Supporting Information).

We note that the excitation intensity was chosen as the maximum
power of the provided LED ring (electrical power 23 W) because the
PLQE was shown to increase with increasing excitation intensity before
it saturates.”! We measured the irradiation intensity at the working dis-
tance of 15¢cm (same as in the setup shown in Figure 1a) from the LED
ring with a Thorlabs S314C—Thermal Power Sensor Head
(diameter 25 mm) yielding around 6mWcm~2 or 0.06 suns equivalent,
which is still in the intensity range wherein the PLQE is expected to
increase monotonously with excitation intensity.[74]

Fabrication of Perovskite Solar Cells in the Drying Channel: The IMI setup
as described earlier is mounted directly onto the drying channel as visible
in Figure 1a. To fabricate the half-stack PSCs, prepatterned 64 x 64 mm?
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ITO substrates (Luminescence Technology, sheet resistance 15Qsq ™",
cleaned in an ultrasonic bath and with acetone/isopropanol and etched
in an O,-plasma for 3 min) are spin-coated with SnO, nanoparticles col-
loidal dispersion (Alfa Aesar, 15%) diluted to a concentration of 2%
(4000 rpm for 30 s with the initial volume of 400 uL per substrate) and
annealed at 250 °C for 60 min. Each such substrate is broken into two 32 x
48 mm? substrates and again etched with O, plasma at 30% of the avail-
able power for 1 min. The substrates are placed on a cupper plate inside of
the drying channel on top of a TRU COMPONENTS TEC1-12714S Peltier-
Element module controlled by a TEC16-24 High Power TEC Driver by head
electronic. The bottom side of the Peltier module is placed on the drying
channel's temperature stabilized table. A Zehntner, ZUA 2000 Universal
Applicator is attached to a stepper motor with an adjusted gap of 100 pm
over the substrate. The selected perovskite precursor system is 0.75 M
methylammonium lead iodide (MAPI) dissolved in N,N-dimethylforma-
mide (DMF) with a mixture of 20% lead chloride and 80% lead acetate
trihydrate and the fixed molar ratio MAI to Pb of 3:1. (PbCl,:
3CH;NH;! is added to Pb(CH;COO), - 3H,0:3CH;NH;1 solution
(DMF) such that PbCl,: Pb(CH;COO), - 3H,0 = 1:4 and the lead con-
centration is 0.75 mmol Pb per mL DMF). After the respective processing
parameters are set, the solution is injected to form a meniscus and the
blade is dragged over the substrate with the velocity of 15 mms™". The
recording of the IMI system is started simultaneously with the coating pro-
cess. After a drying time of 3 min, the TEC16-24 High Power TEC is set to
the temperature 100°C, slowly ramping up and stabilizing temperature
within the annealing time of 6min (and 4 min ramping time). The
so-obtained substrates are scratched at the edges with a gamma-
butyrolactone-soaked Q-tip obtaining an about 3 mm-thick frame. This
frame is needed as a reference surface for the WLI measurement that
is conducted right after. Furthermore, the IMI setup is used ex situ (that
is after the annealing at room temperature) on the fabricated substrates at
the shortest possible excitation and working distance of about 5cm.

As a subsequent step, each substrate is broken into six 16 x 16 mm?
substrates and the Spiro-MeOTAD solution (80 mg Spiro-MeOTAD pur-
chased by Luminescence Technology dissolved in 1 mL chlorobenzene
doped with 28.5 uL mL™" of 4-tert-butylpyridine and with 17.5 L of lithium
bisftrifluoromethanesulfonyl] imide of a solution of 520 mgmL™" in ace-
tonitrile) is spin-coated individually with 4000rpm for 30 s on the
16 x 16 mm? substrates. The Spiro layers are doped with oxygen under
12-15 h of air exposure (approx. 30% humidity). Eventually, the 75 nm-
thick Au electrodes are evaporated with a shadow mask in a Vactec
Coat 320 thermal evaporator, yielding four individual 0.105 cm? solar cells
per substrate.

Scale-Up of the IMI Technique: For an implementation of IMI in a large-
scale fabrication line, we consider the setup depicted in Figure Te where
IMl is replicated and synchronized along the web direction. Assuming that
one camera has a field of view of 10cm in web direction and using ten
cameras, one can operate the line at web speeds up to 10mmin™"
and still get 18 images of each position at different times in all channels
(IMI has 3 fps per channel). Moreover, 10 m min~' is the upper boundary
compatible with the exposure time of 1 ms of each camera, producing a
blur below 1.7 pixels with a sensor width of 1000 pixels /10cm. For the
experiments introduced in the preceding section and discussed in the
Section 2.2, we use 10 ms exposure time to increase the sensitivity of
the IMI technique. However, considering the high signal strength of
the sample fabricated at (40°C, 2ms™') processing conditions in
Figure 2b, 1 ms will be sufficient. By increasing the excitation light intensity
and thereby the PL intensity even shorter exposure times could be used.

After a correction of the translation of subsequent images due to the
web movement, one would obtain the reflectance, the PL intensity, and the
PL central emission wavelength, calculated just as described earlier, as a
function of the position along the movement direction of the web. These
transients over the web movement position can be mapped to the tran-
sients over time we recorded in the drying channel with a single IMI setup as
explained earlier, simply because the web moves with constant velocity, v.
This highlights the relevance of the reference experiments introduced in
the preceding sections for the industrial applicability of IMI. (Depending
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on the web width another parallel row of cameras can be used to resolve the
full direction orthogonal to the movement.).

Extensive Correlative Assessment of IMI: As explained in Section 2.3, sub-
sequent to the coating and annealing within the flow channel monitored by
IMI, the substrates are further ex situ characterized by a large-area white-
light interferometer (WLI, ISRA vision, NetGAGE3D-l) and by an ex situ
close-up PL image acquired with the same IMI setup. Thereafter, the
48 mm x 32 mm substrates are used for the fabrication of 24 PSCs, as
described earlier. (We present a large-area monitoring technique herein,
but the probing devices are small-scale to achieve high sample numbers
for the following statistical analyses.). The PCE of each PSC is determined
by a reverse J-V sweep (starting from 1.2V back to —0.2V with 1Vs™")
under standard test conditions using a class AAA xenon-lamp-based solar
simulator (Newport Oriel Sol3A). The resulting PCE, Jsc, Voc, and FF val-
ues as obtained by the reverse -V sweep are collected in a database along
with the extracted, correlative images located at the active area of the
respective cell. In addition, the series and shunt resistances, Rseies and
Rshunt, are calculated by a linear fit of the J-V curves close to the Voc
and Jsc, respectively. (We are aware that the true PCE under constant volt-
age operation is systematically lower due to hysteresis and stability issues.
We, however, want to point out that the absolute values are of less interest
in the following analyses. Instead, we use the reverse J-V sweep as a quick,
rough determination of an upper boundary of the achievable PCE, which is
sufficient to compare the PCEs of different PSCs relative to each other.)
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