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Highly-Reproducible Batch-to-Batch Perovskites via Automated Solution Deposition

Abstract

With their high efficiencies, high defect tolerances, and tuneable bandgaps, perovskites are the
favoured top cell absorber in a tandem based on silicon. While perovskite research is progressing,
it is difficult to translate methods between laboratories (and even within laboratories) due to
processing sensitivities that affect reproducibility, exacerbated by the skill of the experimenter. To
tackle this problem, we have automated a perovskite solution deposition system that tightly controls
the fabrication conditions, resulting in outstanding deposition reproducibility. We further report the
practical elimination of subtle batch-to-batch changes in stoichiometry through a simple, inert-
atmosphere, ambient temperature bulk preparation perovskite precursors. Together, these enable
the fabrication of high-quality, highly reproducible and uniform perovskite films with inexperienced
researchers.

System design and capabilities

Manual experimenter-based perovskite deposition has long been recognised as a source of
variability, and difficulty translating methods between laboratories is well known to those in the field.
The preparation of high quality films requires weeks of practice to establish the high level of
coordination and cadence for cell fabrication. Tips, tricks and tacit knowledge are handed down inter-
and intra-laboratories, that are not conducive to replicable science. There are enormous down-
stream effects of the low standardisation, including investing international efforts into statistically
unreliable results, damage and trust to the science, and barriers to scale-up, investment, and
commercialisation.

A few reports are emerging demonstrating greatly increased reproducibility of cell performance by
deploying (semi-)automation of perovskite deposition. In designing this automated deposition
system, we choose gas quenching to prepare the intermediate perovskite film. This avoids the
accumulation of anti-solvent vapours in glovebox atmospheres, and gas flow is simpler to control
than solution dispensing. The spin-coater controls the deposition regimen including dynamic coating
of charge transport layer(s) and perovskite precursors. It also signals pneumatic control sequences,
that triggers a tool change between the solution dispense tip and the gas quench nozzle, initiates
gas flow that quenches the precursor film, and triggers an atmospheric exhaust. Our gas flow rate is
highly controlled with a scientific mass flow controller, ensuring high reproducibility of quenching
dynamics. The exhaust functions to balance glovebox pressure and exhausts solvent vapours which
affect quenching rates and ultimately nucleation and film quality. We have incorporated a scientific
camera and lighting to capture the film spreading, drying and nucleation dynamics via
photoluminescence imaging. A basic schematic is given in Fig. 1. Additionally, we have included
temperature logging in several locations, including the glovebox atmosphere, the gas quench nozzle,
and the annealing hotplate, to monitor whether environmental conditions change over time.

Results and Discussion

Several automated system variables were optimised and tuned for depositions on ITO|2Pacz
substrates as a benchmark. We use dynamic spin coating to automate the deposition, which required
optimisation of the dispense tip angle and injection rate to get full substrate coverage. With full
coverage achieved, we optimised the quenching uniformity. The position, height, and angle of the
gas nozzle were crucial to achieve a uniform deposition on a 30x30 mm substrate. Subtle changes
in quenching rate were reflected in changes in surface roughness across the substrate. This is
conveniently illustrated with dark—field microscopy, in Fig 2(a). In this technique, rougher surfaces
scatter light and appear as a brighter contrast. With the gas nozzle directly centred above the
spinning substrate, we see a radial ring patterns with a smooth (darker) central region directly under
the nozzle, and brighter, rougher perimeter. As we move the gas nozzle off centre, we see an
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improvement in uniformity across the film. We find that gas flow rate strongly affects surface
roughness. Increasing the gas quenching velocity decreases film roughness (not shown), since the
precursor film reaches super-saturation faster, resulting in more uniform nucleation and smoother
films, which are beneficial for thin film devices.
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Figure 1. Basic schematic of the automated deposition system in our laboratories.
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We recognised that quality/batch control of the precursor powders, laboratory hygiene,
contamination, weighing practices, and patience are all sources of variability of perovskite solutions
that can affect batch-to-batch variability, particularly in a multi-user environment. To maintain tight
control and continuity across several batches, we developed a soft, inert-atmosphere,
mechanochemical method to produce enough precursor powder to fabricate seven batches of 20
films. The method bypasses some of the pitfalls of ball miling mechanochemical synthesis
(atmospheric contamination and high energy collisions). To demonstrate the validity of this approach,
we fabricated four samples from five subsamples (S1-S5) of a nominally 1.67 eV perovskite powder
and characterised the resulting films via X-ray diffraction (Fig. 2(b)) and Tauc plots, with the
evaluated bandgaps in Fig.2 (c). We posited that subtle changes in stoichiometry would show up in
the (100) peak position and the bandgap. We report outstanding reproducibility using this preparation
method. The 20 diffraction patterns are barely indistinguishable (we note a very small Pbl, peak at
12.8° 20 in the first two samples in S1, that arise from atmospheric contamination from the previous
2Pacz depositions). The bandgap is exceptionally uniform within 1 meV. We note that the precursors
used here are stoichiometric, where additives such as excess Pblz are usually required to achieve
higher performance. This is intentional since we can use the baseline bulk precursor powder as a
convenient platform for additive research.

Our films have exceptional electronic uniformity, as shown with wide-field photoluminescence
imaging Fig. 2(d). The emission of the baseline film can be greatly enhanced by inclusion of additives
whilst maintaining uniformity. We note that these films are an ITO|2Pacz|perovskite stack, so the
uniformity here represents the entire stack, including the automated solution deposition of both
2Pacz and perovskite. The region of interest highlights the area where device contacts are deposited
for full devices. We cannot report the downstream effects on cell performance in this abstract, as our
thermal evaporator has been inoperative due to system failures. The system was recently repaired
by the manufacturer, and at the time of preparation of this abstract, has returned and is being
recommissioned in our laboratories. We will report p-i-n cell efficiencies at the APSRC meeting (if
accepted).
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Figure 2. Reproducibility and uniformity of devices using the automated deposition
system (b) X-ray diffraction pattern of four replicate samples (overlaid) of five subsamples
(S1-S5) of a large batch of perovskite precursor powders. (c) Band gap distribution of those
20 samples; (d) Photoluminescence uniformity of substrates prepared without (left) and
with (right) passivating additives. The substrates are 30x30 mm?, and the dashed line
represents the cell active area 18x18 mm? = 3.24 cm?.

The excellent macroscale uniformity of the surface roughness from dark-field microscopy and wide-
field photoluminescence microscopy is evidence of the tight control over deposition conditions, the
super-saturation of the precursor film, and the resulting temporal formation of nuclei. We use an in
situ high performance scientific camera to confirm the nucleation dynamics. The quenching
sequences are illustrated in Fig. 3. The first panel is the initiation of gas quenching, which has a
yellow, non-emissive film. After 3 seconds of quenching the first emissive nuclei have formed and
the film has started to darken. During the remaining quenching time, the emission gets brighter, and
the precursor film darkens, indicating a higher formation of perovskite nuclei. All the nucleation
occurs within ~4 seconds, and over gas quenching has shown the formation of macroscale cracks
in the perovskite film (not shown).

We have eliminated several user-dependent factors in perovskite deposition. With cell results to
follow, we have established that the automated perovskite deposition system can fabricate highly
reproducible and uniform perovskite samples, important for benchmarking. We anticipate this system
will be a workhorse central to our groups ongoing device optimisation and tandem work.
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Increasing quenching time

Figure 3. Deposition / gas quenching sequences captured by white light (top) and
evolution of photoluminescence (bottom) via blue illumination.
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