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ABSTRACT: Enhancing reproducibility, repeatability, as well as
facilitating transferability between laboratories will accelerate the
progress in many material domains, wherein perovskite-based
optoelectronics are a prime use case. This study presents fully
automated perovskite thin film processing using a commercial spin-
coating robot in an inert atmosphere. We successfully apply this
novel processing method to antisolvent quenching. This process is
typically difficult to reproduce and transfer and is now enhanced to
ex ceptional repeatability in comparison to manual processing.
Champion perovskite solar cells demonstrate power conversion
efficiencies as hi ghas 19 .9%, pr oving th e tr ansferability of

established manual spin-coating processes to automatic setups.
Comparison with human ex perts reveals that the performance is
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already on par, while automated processing yields improved

homogeneity across the substrate surface. This work demonstrates that fully automated perovskite thin film processing improves
repeatability. Such systems bear the potential to become a foundation for autonomous optimization and greatly improve

transferability between laboratories.
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INTRODUCTION

While the power conversion efficiency (PCE) of perovskite
solar cells (PSC) has steadily increased over the past years, a
major disparity between the performance of champion devices
and the majority of solar cells persists (see SI: Figure S1).
Spin-coating is the most widespread method of depositing
these perovskite thin films, dominating with record PCEs
above 26%. However, the process faces limited repeatability
and reproducibility due to very narrow process windows, high
dependency on precursor quality, and sensitivity to crystal-
lization parameters which are crucially influenced by manual
human processing." Repeatability and reproducibility are often
imprecisely used synonymously, but their meanings are slightly
different.” In this work, we focus on repeatability, meaning
obtaining the same or consistent results when an experiment is
redone (repeated) under perfectly identical conditions.
Reproducibility, in contrast, means obtaining consistent results
under as similar as possible conditions as the original
experiment (e.g, using the same methodology), but with
different surroundings or operator.”’ While these terms are
well distinguished in scientific literature,”” they are not always
consistently used. Reproducing the solvent quenching step in
perovskite thin film processing presents a significant challenge,
even within the same lab, especially when tools like pipettes or
spin-coaters are not perfectly identical.® The processing

environment, especially the solvent atmosphere, plays a crucial
role in the crystallization process.”® While introducing an
external solvent atmosphere during annealing can sometimes
be beneficial,®” an uncontrolled atmosphere can lead to
reduced repeatability and transferability of perovskite thin
films.*® Therefore, precise control of processing conditions
and the environment is essential to enable the transfer of
recipes between research groups to build on each other’s
findings and advance the field. Recent advances demonstrate
the promise of high throughput, automated experimentation
and machine learning (ML) for accelerating materials
discovery and optimizing material processing. Some accel-
eration platforms focus on discovering novel material
combinations via screening methods and ML approaches,”™"”
while others investigate stability using high throughput
methods.'®™>® Learning and optimization algorithms can
reduce the required number of experiments’ > and can
also accelerate process optimizations.”” >* Other studies test
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Figure 1. (a) Fully automated spin-coating robot used for fabricating perovskite thin films. It is fully integrated into a N, filled glovebox. (b)
Architecture of the perovskite solar cell devices.
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Figure 2. Performance of perovskite solar cells fabricated with our fully automated spin-coating process. (a) Power conversion efficiency statistics
of nine batches with respective yields and standard deviations ¢ of individual batches, across all batches and of the medians. (b) Photoluminescence
peak wavelength 4, and implied open-circuit voltage (iV,.) obtained from PL quantum yield. (c) Ratio of X-ray diffraction peaks of Pbl, and

perovskite across the batches. Colors for the batches are the same as in the other subfigures, but batch 2 is not shown as the sample was damaged
before the XRD measurement.
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mobile autonomous robots to replace the human experi-
menter.”” > All such approaches are based on the assumption
that automated processing produces consistent and compara-
ble experimental findings. However, no clear evidence for the
high repeatability of automated perovskite thin film fabrication
has been presented yet. In response, our research tests this
assumption for perovskite thin film fabrication using a fully
automated spin-coating setup. Expanding on established
findings, we publish for the first time a detailed evaluation of
repeatability regarding four aspects: First, performance is
compared across nine batches of PSCs with automatically
fabricated thin films. Furthermore, we compare the perovskite
thin films with regard to their structural, compositional, and
optoelectronic properties. Second, we present our champion
PSC showing the transferability of an established triple cation
1.59 eV perovskite composition to the automated fabrication.
Third, the device performances are contrasted with reference
devices processed by experienced human experimenters.
Finally, differences in homogeneity are similarly contrasted.
All of this is the first publication to apply the complex one-step
antisolvent quenching method using automated processing
within an inert glovebox.

To automatically fabricate the perovskite thin films we used
a fully automated spin-coating robot (shown in Figure 1a). It
autonomously performs sample positioning, pipetting, timed
antisolvent dispensing, and annealing processes. The robot
gripper has four degrees of freedom and interacts with objects
on the base platform of 150 X 75 X S0 cm®. The gripper
handles the glass substrates and places them in the spin-coater,
on the hot plates, and in the substrate parking positions. The
liquid handling system fills a pipet tip with the solution and
dispenses it on the substrate positioned in the spin-coater.
Precise timing and control of antisolvent dispensing is
performed using a syringe pump. The fully automated robotic
setup was acquired from Sciprios GmbH. The system operates
in a controlled N, glovebox with constant circulation and
filtering helping to mitigate variations in the solvent
atmosphere. The glovebox is equipped with an active charcoal
filter for nonpolar solvents and a regeneratable molecular sieve
for polar solvents. Additional measures, such as continuous
removal of solvent vapors via a small pump, and regular
replacement of absorbing tissues, are applied to further control
the local atmosphere during crystallization, reducing variability.

The p-i-n architecture for the devices consists of a Glass-
ITO-2PACz-Perovskite-LiF-C60-BCP-Ag layer stack. The
perovskite absorber layer is a CsgosMAg FA5sPb(IyoBro;);
composition with a 1.59 eV bandgap energy. This perovskite
has previously been used to realize two-terminal tandem solar
cells in our research group,36 and similar triple cation Cs-MA-
FA perovskite compositions have been intensively studied in
recent years.”””>® Experimental Materials and Methods
provides a detailed description of the fabrication procedure
and precursor composition.

RESULTS AND DISCUSSION

Repeatability. To become a feasible alternative to manual

spin-coating, automated spin-coating of perovskite thin films
must first prove excellent repeatability. Repeatability means
consistent performance as well as uniform structural, composi-
tional, and optoelectronic properties across devices. We
present evidence that automatic spin-coating produces highly
repeatable results across nine batches (see Figure 2) in terms

of high device performance (a), optoelectronic properties (b),
as well as structural and compositional properties (c):

(a) Device performance repeatability is demonstrated both by
the median device PCE surpassing 17% as well as the
champion device PCE surpassing 18% in all nine batches.
Within each batch, PCE standard deviations (o;) are low, as is
the median variation across batches (6,egians < 0.4%), and total
variation across all PSCs (o, < 1%). The coefficient of
variation (CV) o/u for the device performance across all cells
is 0.053. The average yield of functioning devices across all
batches is 82%, where a functioning device is defined by fill
factor (FF) > 65% and V,. > 0.9 V (For all devices, ranges and
other JV-Parameters see Figures S3 and S4). This yield appears
lower than expected, but it was evaluated very conservatively
and includes also losses induced from surrounding processes,
mechanical handling problems of the spin-coater, and software
fails requiring manual interruption and restart. Overall, directly
comparing the PCE variability in this experiment with previous
studies proves difficult. In the perovskite literature, discussions
are typically centered around champion batches, disregarding
the repeatability of results. The problem of repeatability and
reproducibility has been previously identified in the field of
perovskite photovoltaics.”*”** Even within champion batches,
standard deviations in PCE are often around 1% (abs.) as seen
in recent high-efficiency perovskite publications,* ~** indicat-
ing unwarranted variability. Taking (typically not reported)
nonchampion batches into consideration, variability can be
assumed to be much higher, implying that the variability
achieved here is at least equal if not lower. A practical benefit
of such low variability is its potential to be used as a
benchmark reference for future experiments.

(b) Optoelectronic properties of the thin films are equally
comparable across batches (see Figure 2b). The implied open
circuit voltage iV,. of 1.11 V—calculated from photo-
luminescence quantum yield (PLQY) measurements (see SI:
Figure SS) — matches the V. of the devices. Furthermore,
band gap determination from peak emission wavelengths of
780 + 2 nm coincide with the inflection point of external
quantum efficiency (EQE) at 1.59 eV. The peak wavelength
CV of 0.25% (rel.) is close to other reported CVs in studies
that optimize film quality using photoluminescence character-
izations, ranging from 0.07 to 0.1%.>"*°

(¢) Structural and compositional properties also suggest good
repeatability (see Figure 2c). XRD peak positions and peak
ratios of the main perovskite peak compared to the Pbl, peak
are consistent. Similarly, the uniformity in the different
perovskite peak ratios indicates a consistent crystallographic
structure and grain orientation. The peak ratios of different
perovskite and Pbl, peaks vary only slightly (CV < 0.15) over
the different batches. The ratios are obtained by comparing
integrated Gaussian fits of the following XRD peaks: 13.9°
(110) Perovskite, 19.8° (112) Perovskite, and 28.1° (220)
Perovskite to 12.6° (001) Pbl,. The slightly higher PbI, peak
in the XRD pattern suggests an excess of Pbl, in the perovskite
film, which can generally enhance performance by passivating
defects.*® However, excessive Pbl, can lead to detrimental
effects on long-term stability due to photodegradation.*”**
Although long-term stability is not the focus of this study,
previous studies with similar compositions have shown
acceptable stability.*® This study focuses on the repeatability
of the perovskite thin film formation and compared the latter
to manually processed thin films, shown later, the variation of
peak ratios is small.
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Figure 3. Champion PSC made using the fully automated perovskite spin-coating process: (a) current—voltage characteristics in backward and
forward direction, (b) External quantum efficiency (EQE) of champion PSC. Inset in (b) shows maximum power point tracking of the champion
device and a manually processed reference cell, normalized to their respective maximum power.
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Figure 4. Comparison of automatically and manually coated perovskite thin films and device parameters (a) PCE with standard deviations o; and
yields (*not buffered by backup samples—see SI for explanation), (b) XRD peak ratio of Pbl, and perovskite (c)/(d) SEM images of the
perovskite surface with a magnification of 20,000 show identical surface grain structure.

Champion PSCs and Transferability of Established
Recipe. Beyond high repeatability, automated thin film
fabrication can yield very high PCEs close to 20% and is
capable of adapting recipes for high-performance perovskite
processing. The recipe we used (detailed in SI) has been
optimized for over a decade in thousands of manually
processed devices. Successful adaptation to our automated
process took less than five batches, with the cells exhibiting
maximum power point (MPP) behavior comparable to
manually processed references.

The highest PCE for a device with an automatically
fabricated perovskite thin film exceeded 19.9%. In the
current—voltage (IV) curve and characteristics (see Figure
3a), the device shows a high FF = 79% and a medium V,, =
1.11 V and J,. = 22.6 mA/cm?, with a minor hysteresis index of
HI = 0.02. A PCE exceeding 19% was achieved in four of the
nine batches. Reflection losses, limiting the quantum efficiency,
have been reduced by a 125 nm MgF, thick antireflection
coating (ARC). The ARC increases the J,. obtained from EQE
from 21.1 to 21.9 mA/cm® (see Figure 3b). The MPP of
automatically spin-coated devices stabilizes to 18.6% after 300
s, and behaves similarly to the manually processed reference

devices (see inset in Figure 3b). Other studies have reported
champion device PCEs of 21.6°" and 23.1%"° for perovskite
thin films fully coated using automated processes. However,
they used a different composition, a 2-step process under
ambient conditions, and a n-i-p architecture (see SI: Table S1).
In contrast, we implement the 1-step antisolvent process in N,
glovebox conditions for a p-i-n architecture. Compared to
devices with similar layer stacks and perovskite compositions,
which typically achieve PCEs of around 20% (see SI: Table
S2), our devices exhibit comparable performance.

Automated Fabrication Vs Human Experimenter.
Compared to human experimenters, our automated setup
produces perovskite films of equivalent quality. We show this
by systematically comparing PSCs produced by four
experienced human experimenters with PSCs produced by
the automated setup. Structural, compositional, and device
analyses confirm the equivalent quality of the films. The
previously shown repeatability that the automated setup can
achieve is especially apparent when contrasted to human
experimenters, all of whom produced devices with more
performance variation.
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Figure S. Improved homogeneity of automatically coated films compared to manually coated films. Representative samples show (a) spatial PL
images illuminated using blue LEDs 457 nm (0.08 suns) and recorded with a camera through an optical 780 nm long-pass filter, (b) diffuse
reflection images with the same illumination but recorded through a neutral density filter, (c)/(d) optical microscope images recorded with a
magnification of XS and X20 displaying the typical wrinkles observed in the manually processes films, (e¢) SEM images recorded under a 20 keV

electron beam also show these wrinkles.

To allow for such a direct comparison (see Figure 4a), all
experiments were conducted on the same day with the same
precursor solution and instruments. The only varied parameter
was the experimenter responsible for the spin-coating of the
perovskite thin films. All human experimenters are very
experienced researchers who have fabricated more than a
thousand perovskite thin films and devices. An analysis of
variance with a posthoc Tukey group test (see SI) indicates no
significant differences in PCE between the automatic
processing and the best human experimenter. While there
was no significant difference between the human experi-
menters, the automated setup produced significantly better
thin films than two of the four experimenters. Overall, the
reduced variation of the automatically processed devices
compared to the manually produced devices underlines again
the high process repeatability of the setup.

The grain structure exhibits consistent surface morphology
between automatically and manually produced films, as

revealed by scanning electron microscopy (SEM) at a
magnification of 20,000 (see Figure 4c,d). The underlying
grain structure consists of grains ranging from 300 to 700 nm
overlaid by smaller agglomerates of only about 100 nm in
diameter. These smaller agglomerates are attributed to
unreacted Pbl,, of which there is a 10% excess in the recipe
by desi%n, as they help passivate surface and grain boundary
defects.” The comparability of the automatically and manually
coated perovskite films is further supported by aligning
structural and compositional properties (see Figure 4b). The
XRD peak positions are consistent across the different
operators. However, variations arise in peak intensities and
ratios. This suggests that crystal formation and orientation are
influenced by operational differences in antisolvent dispensing.
The automated process achieves more consistent peak ratios
across different batches (see Figure 2c).

The main advantage of automatic fabrication in comparison
to manual fabrication is that all parameters for spin-coating,
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antisolvent dispensing, and annealing can be precisely
controlled, reducing unexplained variance caused by human
involvement. These parameters include the position, height,
angle, and movement of the pipet,’' solvent dispense
speed””*” and consistency, as well as the timing of the solvent
quenching process.””>> This control over experimental
conditions enables transfer to other systems or laboratories
to collaborate, reproduce findings, and build upon them.
Especially with the assistance of electronic lab notebooks®>**
or database projects,”® this enables efficient experimentation.
In the future, this could be controlled by advanced algorithms
such as Bayesian Optimizations, allowing established recipes to
be transferred to the automated process and then fine-tuned.
The next steps toward accelerating optimization are utilizing in
situ characterization and algorithmic decision-making for
autonomous ex?erimental planning, as recently demonstrated
by Zhang et al.”!

Comparison of Homogeneity. One key asset of
automated perovskite thin film processing beyond PCE,
repeatability, and transferability is the enhanced homogeneity
of the perovskite thin films. SEM and microscopy images show
that in the center of the automatically coated films, no annular
structure is present, which is commonly observed and
attributed to local wrinkles in manually coated films (see
Figure 5).56’57

The emergence of rough annular surface structures is not
uncommon in manual perovskite thin film fabrication.’®*’
These micrometer-sized wrinkles (see Figure S) are formed
due to stress during the crystallization of the film.”*” While all
manually coated films show these wrinkles, no automatically
coated samples develop them. Likely, minor differences in the
way the antisolvent is dispensed onto the rotating sample cause
these inhomogeneities. These differences might be due to the
height and angle of holding the pipet, or due to the shape of
the tip, as the robot dispenses through a syringe pump and
nozzle. Neither the grain structure nor the device performance
is affected by the wrinkling. It should be noted that in our
layout, the active area only minimally intersects with the
annular structure (see Figure S2). While it might be possible
that this structure improves light in coupling, it could also be
detrimental for devices with an active area in the center, by
creating interfacial defects or inhomogeneous covering of
subsequent layers. Other studies and reviews have shown that a
homogeneous absorber is essential for realizing efficient
modules in large-area devices.**~%*

Spatial photoluminescence images reveal that homogeneity
is slightly improved in automatically coated films compared to
manually coated ones (see Figure Sa). While the standard
deviation within the evaluated region is lower than the manual
reference for half of the automatically coated films,
inhomogeneities persist in the other half, yielding similar
variations as the manually coated films. The evaluated region in
the sample center corresponds to two-thirds of the sample
width. This exclusion of the sample edges serves the purpose of
excluding edge effects such as coffee ring formation.

CONCLUSIONS

This article reports on the fully automated fabrication of high-
quality perovskite thin films for application in solar cells,
highlighting their excellent repeatability, transferability, and
homogeneity achieved through automated processing. Dem-
onstrating consistent repeatability for nine consecutive batches,
we observed minimal variations in solar cell performance,

structure, composition, and optoelectronic characteristics.
Notably, the champion devices achieved a PCE of 19.9%,
confirming that established perovskite recipes can be trans-
ferred to the automated process without loss of PCE.
Compared to human experimenters, the automated fabrication
consistently matched the performance of manually coated
perovskite films, confirming the reliability and efficacy of the
automated process. The thin films produced by the automatic
setup exhibited improved homogeneity, eliminating annular
structures that commonly arise from manual spin-coating.
Importantly, this study demonstrates the antisolvent quenching
method within an N, glovebox using automated systems. This
is particularly relevant as a majority of current high-
performance perovskite PV devices reported are fabricated
using quenching methods. This automatic fabrication
technique has the potential to significantly accelerate research
in perovskite-based optoelectronics by providing a highly
repeatable baseline process, which drives the development of
standard operating procedures that can be adopted by different
institutions, promoting collaboration, comparability of results,
and FAIR data practices. Furthermore, the integration of this
automated system with machine learning or algorithmic
optimization, as demonstrated by other research groups,
could lead to continuous process improvement and rapid
material innovation, with applicability extending to other
material science domains beyond perovskites. In conclusion,
fully automated robotic spin-coating emerges as a trans-
formative technology in perovskite solar cell research,
providing a robust foundation for further experimentation
and algorithmic optimization.

EXPERIMENTAL MATERIALS AND METHODS

Solution Precursors and Solvents. 2PACz (TCL, CAS: 20999-
38-6), Lead iodide (Pbl,, TCI, CAS: 10101-63-0) and Lead Bromide
(PbBr,, TCI, CAS: 10031-22-8), Formamidinium iodide (FAI,
Dyenamo, CAS: 879643-71-7), Methylamonium Bromide (MABr,
Greatcell Solar, CAS: 6876-37-5), Cesium Iodide (CsI, TCI, CAS:
7789-17-5), Lithium Flouride (LiF, ChemPur, CAS: 7789-24-4)
Fullerene-C60 (C60, Sigma-Aldrich, CAS: 99685-96-8), Bathocu-
proine (BCP, Lumescence Technology, CAS: 4733-39-5), and (MgF,,
Sigma-Aldrich, CAS: 7783-40-6). Solvents including N,N-dimethyl-
formamide >99.9% (DMF, CAS: 68-12-2), Dimethyl sulfoxide
anhydrous >99.9% (DMSO, CAS: 67-68-5), and Chloro Benzene
anhydrous 99.8% (CB, CAS: 108-90-7) were ordered from Sigma-
Aldrich. Ethanol absolute 99.8% was ordered from VWR Chemicals.
Fabrication of Perovskite Solar Cells. ITO substrates (sheet
resistance 15 €2/square, Luminescence Technology, CAS: 50926-11-
9) were cut in 16 mm X 16 mm and cleaned with acetone and
isopropanol in an ultrasonic bath for 10 min each. The substrates
were further treated with oxygen plasma for S min. As HTL, a
monolayer of 2PACz was deposited on the ITO substrates by spin-
coating at 3000 rpm for 30 s and subsequently annealed at 100 °C for
10 min in a N, atmosphere. The 2PACz precursor solution was
prepared by dissolving 2PACz in anhydrous ethanol with a
concentration of 1.5 mM. The prepared solution was put in an
ultrasonic bath for 20 min before it was used. The perovskite
precursor solution was prepared by first dissolving Pbl, (1.3 M, 602.5
mg) in a mixture of DMF:DMSO (4:1 v/v, 800 uL: 200 uL). The
Pbl, solution was kept on a hot plate at 130 °C for 15 min and added
to a mixture of PbBr, (0.14 M, 51,75 mg), MABr (0.14 M, 15,8 mg)
and FAI (1.2 M, 206 mg). The solution is then stirred until fully
dissolved. From a CsI (1.5 M, 390 mg) in DMSO (1 mL) solution,
the Csl (0.07 M, 46, 7 uL) is added to the solution resulting in a
composition described by CsyosMA, FAggsPb(IyeBry;);. To spin-
coat the perovskite films 100 uL of the precursor solution is dispensed
on the substrates, which are then spun at 1000 rpm (500 rpm s™") for
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10 s and 5000 rpm (2000 rpm s™') for 20 s. 25 s after the start, CB
(150 pL) was dispensed onto the center of the spinning substrate, at a
rate of 150 pL/s from 25 mm above the sample. The spin-coating is
performed in a N, atmosphere. The samples were then annealed at
140 °C for 10 min in a nitrogen atmosphere. The passivation layer of
1 nm LiF was thermally evaporated at a rate of 0.2 A/s. The electron
transport layer, 20 nm of C60 and 3.5 nm BCP, was thermally
evaporated at a rate of 0.2 A/s while maintaining a pressure not higher
than 107 mbar. Finally, 100 nm of Ag was thermally evaporated using
a shadow mask with an active area of 10.5 mm” to complete the
perovskite solar cells with 4 pixels per substrate. A 125 nm thermally
evaporated at 1 A/s MgF, layer as ARC was added on the glass side
for the champion devices.

Characterization of Perovskite Thin Films and Respective
Solar Cell Devices. To measure the current voltage characteristics of
the solar cell devices an Oriel Sol3A Class AAA Solar Simulator,
calibrated to 1 sun (+1%) intensity using a certified MKS Instruments
silicon reference cell with a KGS filter. The solar cells are measured in
N, atmosphere and are kept at 25 °C using a Peltier, thermocouple,
and temperature controller. The IV curve of the PSCs was measured
in backward and forward direction with a 10 mV step size using a
Keithley 2400 source meter unit. MPP tracking was performed using a
perturb and observe method.

The PLQY measurements were conducted using the LuQY Pro
system of QYB. This system is equipped with an internal integrating
sphere and an exciting laser with 532 nm (1 sun equivalent intensity).
The iV, was calculated using the iV, = kg - T - log (PLQY - J,./Jgs)-
The J,. was derived from the EQE measurements and Jgz was
obtained by integrating the multiplication of the EQE spectrum with
the blackbody spectrum at T = 300 K. The photoluminescence
spectra are shown in the SI (Figure S5).

The crystal structure of the perovskite layers was analyzed out
utilizing XRD (Bruker D2Phaser system) with Cu—Ka radiation (1 =
1.5405 A) in Bragg—Brentano configuration using a LynxEye
detector. The XRD was taken from the perovskite layer deposited
on the ITO/2PAcz substrate to obtain the same perovskite nucleation
as well as crystallization as in the solar cells.

The EQE was measured using a PVE300 photovoltaic QE system
(Bentham EQE system). A chopping frequency of 570 Hz with an
integration time of 500 ms to acquire the spectra in a wavelength
range from 300 to 900 nm and a spot size of 0.74 mm?; was used.

Reflectance spectra of the PSCs were measured using a
PerkinElmer Lambdal050 spectrophotometry setup equipped with a
double-monochromator and a modulated source. A chopper
frequency of 46 Hz was applied.

Scanning electron microscopy (SEM) was measured out in an SEM
(Zeiss LEO1530) with an aperture size of 20—30 um. The
acceleration voltages for the analysis ranged between 2 and 10 kV.

The optical microscope images were taken with a Zeiss Axioplan 2
imaging.
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