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Process Parameter Specification and Control in Solution
Processing of Hybrid Perovskite Photovoltaics: From
Domain-Specific Jargon to Evidence-Based, Unambiguous

Description of Experimental Workflows

Simon Ternes,* Christoph J. Brabec, Luigi A. Castriotta, Thomas Exlager, Karen Forberich,
Alessio Gagliardi, Michael Gétte, Florian Mathies, Sinclair Ryley Ratnasingham,

Lennart K. Reb, Eva Unger, and Aldo Di Carlo*

Within the last 20 years, hybrid perovskite solar cells (PSCs) have reached re-
markable power conversion efficiencies. Further, scalability of hybrid perovskite
deposition routines and stability of PSCs have been significantly improved. Yet,
a critical roadblock remains: Poor reproducibility largely caused by inconsistent
control and reporting of process parameters. Key aspects such as the handling
of the perovskite solution, the air jet used for drying, or the process atmosphere
are often incompletely specified. In response, this review systematically
presents the empirical evidence linking process parameters to the film mor-
phology and the device performance for solution-based one-step and two-step
deposition routines of highly efficient PSCs as well as large-area perovskite
modules. To maximize interdisciplinary understanding, the process parameters
are standardized within the thin-film solar cell ontology (TFSCO), structured
according to the internal logic of sequential deposition and classified by funda-
mental mass transfer mechanisms. In afinal literature study, the state-of-the-art
of parameter reporting is assessed—mirroring to the community where report-
ing standards can be improved. By using the here-presented parameter list as
a template, perovskite workflows become fully and unambiguously specified—
bridging the gap between manual and automated process optimization

and fostering data-driven acceleration via digital twins of perovskite research.

1. Introduction

Since their first application in photo-
voltaics (PVs) ~15 years ago,['™* hybrid
perovskites have experienced rapidly
growing research interest. The new
class of defect-tolerantl®’ and highly
customizable semiconductors®®! finds
application as light emitting diodes, >
lasers 012141 X.ray  detectors, 1>
thermo-electrics, 1?1 transistors(2°-22]
and PVs.*l In 2024, in the field of
PVs alone, ~20 new reports on hybrid
perovskites were published every day
on average.lll As a remarkable result
of this intense research activity, peak
power conversion efficiencies (PCEs)
of perovskite solar cells (PSCs) have
already surpassed 27% and PSC stabil-
ity has been significantly improved to
thousands of hours of operation.[2+2¢]
The quest for large-scale commercial
adoption(?-*] primarily takes two forms,
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as low-cost single junction PV[3>3¢ or as a high-bandgap absorber
for tandem solar cells with silicon.[**37] In pilot projects, first
perovskite-based PV products were delivered to assess whether
a major market push within the coming years is feasible.3*383]
Gigawatt scale production lines have recently started production
or are expected to reach operability very soon.[*] This projected
market entry marks a major success of the perovskite research
community who not only improved the technology within the
laboratories but also disseminated it from academia into the
commercial sector via spin-offs and cooperative projects.[*!]
In turn, the first commercial applications of hybrid perovskite
PVs will further fuel academic and industrial research on the
technology aimed at addressing the urgent matter of climate
change.l*?]

Up to the present day, academic research on perovskite PVs
has placed a major focus on advancing PSC performance and sta-
bility in proof-of-principle test devices on different scalesl2#3#4]
(Ilmm? — 1m?). For the solution processing methods discussed
in this review, significant advances were achieved by improv-
ing processing methods,[**] the perovskite composition!*->]
and structure,5%2] the solvent system,[>*¢l charge transport
layers,>7°8] passivation agents as well as interlayers>*-!l and
additives.l®% As alluded to before, a major part of this tech-
nological development has already been passed on to industry
or projects with substantial industrial involvement.*!l Due to
the large commercial interest, a shift of research focus, from
single performance indicators such as PCE or stability, toward
high technology readiness levels, adapting combinations of per-
formance indicators, is soon to be expected.!®! Thus, with indus-
try doing the heavy lifting of technological development, publicly-
funded research has the privilege to tackle the remaining chal-
lenges. These are fundamental barriers to the technological readi-
ness of perovskite PVs that could hinder their large-scale roll-out
in the future. Main challenges arise from limitations of (i) mod-
ule and cell durability, (ii) PCEs at scale and (iii) production yield
during manufacturing.[%%’] This review presents an overview of
literature addressing challenge (iii) by focusing on specification
of process parameters of perovskite solution processes. It further
showcases concrete guidelines of how these parameters can be
controlled in the laboratory. To manage the extent of the analysis,
we restrict this review on solution processing methods. A simi-
lar analysis of process parameters can and should be conducted
for dry deposition processes such as thermal evaporation and
sputtering in the future. We further like to stress the enormous
value of rigorous and standardized characterization of perovskite
morphology and functionality of PSCs by means of microscopy,
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spectroscopy and standardized opto-electronic measurements.
However, while there are numerous, excellent works and reviews
on the characterization of PSCs and perovskite films,[®8-73] the
input variables of solution processes for perovskite thin film fab-
rication have never been summarized in an exhaustive overview.

In practice, most academic research on PSC fabrication is
guided by intuitive trial-and-error manufacturing of spin-coated
PSCs, where the “art of device making” is passed from one gen-
eration of researchers to the next.”l This practice is very ad-
vantageous: it is a representation of rapid prototyping,”>! where
new material combinations and processing steps can be rapidly
tested and optimized. The result is a steep improvement in device
performance and reliability within every participating laboratory.
However, each laboratory has its own version of the reported pro-
cesses and, in many cases, its own laboratory jargon adapted to
its present toolset and materials. To make matters worse, there
is no explicit consensus in the community as to which process
parameters need to be reported for a perovskite process to be
reproducible.l’®! As a consequence of the above-described incon-
sistency and incompleteness in reporting, in practice, perovskite
solution processing is challenging to transfer from one labora-
tory to another. For example, differences in the handling of the
antisolvent treatment step in PSC device fabrication are often not
clearly specified. These differences concern process parameters
such as the pipette tip diameter, the distance from the sample or
the rate of solvent ejection. Similarly, there are often incompletely
specified drying processes, missing information on the distance
of the gas nozzle, the nozzle diameter and the rate of gas purged
from the nozzle. Another potential consequence of inconsistent
vocabulary and incomplete specification is the difficulty of inter-
disciplinary cooperation. For example, the term “quenching” fre-
quently used in the sense of a processing step within the field
of perovskite PV (as in this work) is hard to understand for re-
searchers not specialized within the field.l””]

With the widespread industrial adoption of perovskite re-
search, the time has come to decisively address the persistent
problem of inconsistent and incomplete reporting. To ensure re-
producibility and accelerate progress, the research community
must find common ground on standardization of all workflow
steps and parameters involved in the fabrication of PSCs. This
requires. 1) A precise and exhaustive classification of the fun-
damental workflow steps involved in perovskite deposition. 2) A
clear specification of all critical process parameters that must be
monitored and controlled within each step to guarantee standard-
ized and reproducible experimental conditions. 3) A detailed,
practical definition of how each process parameter is to be ad-
justed, measured, or documented in real-world laboratory and
industrial settings. In this regard, an analogy to the character-
ization of perovskite device performance and stability can be
drawn, where rigorous design of standard measurement condi-
tions leads to an enhanced reliability and comparability of the
obtained results.[68727879]

When standardizing perovskite process parameters, the com-
plexity of a modern day laboratory involving numerous tools,
processes and parameters as well as their interrelation can be-
come a challenge. If standardization is defined by text in hu-
man language, this complexity will manifest in lengthy, repeti-
tive paragraphs prone for misunderstanding. A much better ap-
proach of standardizing workflows is the digital representation
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of these real-world objects, their properties and interrelations in
a so-called process ontology capturing and defining all domain-
specific terminology in a systematic way.®"! Developing and em-
ploying such ontology is a first step toward digital laboratory
management tools and digital twins that can be broadly adopted
across the research community. These digital twins synergis-
tically benefit from automation of processing equipment!®1-34
and in situ characterization.l® 85-%] For example, measurements
of thin film thickness during spin coating can be used as pro-
cess triggers, enhancing process control as well as the repro-
ducibility of the final films.®%! Another route is the optimization
of process parameters via their photoluminescence as a quality
indicator.[8287:88:90911 While these are exemplary demonstrations
of high-control reactive environments, the vast majority of work
groups may not have these sophisticated tools at their disposal.
This is where the parameter table presented in this work, refer-
enced to the thin-film solar cell ontology (TFSCO), can help in
closing the gap between highly automated and manual labora-
tory routines.l® TFSCO mirrors the internal logic of perovskite
solution deposition according to the principle “Putting-things-
on-top-of-other-things”, where a sample or “state” is streamlined
through a timely sequence of workflow steps modifying the sam-
ple (or “state”). Each workflow step is defined by a fixed set of pro-
cess parameters. To maximize standardization, the designation
and logical structure of these steps are harmonized within the
ontology and made accessible via Uniform Resource Identifiers
(URIs).”?] In this way, the specification gap between automated
and manual device optimization can be effectively addressed and
the implementation of digital twins is greatly facilitated.[®*]
While the issue about “hidden variables” for reproducing per-
ovskite solution processes has been touched upon before,/”®]
there is currently no conclusive summary of all important vari-
ables in perovskite solution processing to our knowledge. This
is astonishing given that the importance of standardization of
measurement conditions was pointed out early on.[%®] We are
convinced that the ability of reproducing PSC fabrication in dif-
ferent laboratories should at least obtain the same attention. In
response, we see this review as the first opportunity for per-
ovskite researchers to obtain a conclusive and logically struc-
tured list of all relevant workflow steps for solution processing
and their respective process parameters as evidenced by state-of-
the-art literature.l”! Especially for researchers or technologists
new to the field, this review serves as a good starting point,
detailing on how to control and report perovskite solution pro-
cesses in a reproducible manner. Also experienced researchers
can find merit in the logically structured parameter list accom-
panied by explicit guidelines. The reason is that full parame-
ter specification, standardization of process description and vo-
cabulary enhance not only reproducibility of processes, but also
reusability and impact of the published data. Adherence to these
standards will greatly facilitate the (semi-)automatic creation of
databases according to Findable, Accessible, Interoperable and
Reusable (FAIR) principles.[*>%] In practice, scientific data man-
agement software systems are used to organize and structure
the massive amounts of experimental data generated in modern
laboratories.[”] Relying on one of these systems, the present re-
view and the updated TFSCO, researchers can easily label and
publish datasets that can be exploited for training machine learn-
ing algorithms, later on. These algorithms provide data-driven in-
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sights beyond human intuition and trial-and-error optimization.
Certainly, there is no such thing as perfect reproducibility of pro-
cesses due to (practically) uncontrollable variables and inherent
process variances. However, adhering to the here-discussed stan-
dard can be a crucial step to identifying the fundamental limi-
tations of reproducibility of perovskite solution processes. Such
high-quality data on process capability will be invaluable for con-
sistent industrial manufacturing on commercial scales.

This review is structured as follows: In section “2. Perovskite
Solution Deposition” we revisit the historical development and
terminology of PSC solution processing in the light of mass
transfer dynamics, which may provide an interesting new per-
spective to many readers. In section “3. Pivotal process parame-
ters impacting perovskite solution processing” a check list of de-
cisive process parameters is presented. In this section, we lay the
foundation for establishing a standard description for PSC fabri-
cation routines by summarizing state-of-the-art evidence on the
impact of process parameters on two-step and one-step process-
ing. In Table 1, we provide concrete guidelines of how control
and/or measurement of each parameter can be implemented in
the laboratory. Eventually, in section “4 Current Literature” we
present a mini survey on the status of reporting of process pa-
rameters in state-of-the-art literature and conclude with section
“5 Conclusion and Outlook”, where we present the next steps
and open questions for standardization of perovskite solution
processes.

2. Perovskite Solution Deposition

From the outset 20 years ago, research on hybrid perovskites for
PVs led to two principal routes of perovskite deposition emerg-
ing: Deposition from the vapor phase/*®! and the liquid phase.[!
More recently, the two deposition strategies are combined in the
so-called hybrid approach.®} In this review, we primarily focus
on the solution processing route. This route was applied for the
first time when introducing perovskite as possible dye sensitizers
to a mesoporous scaffold of titanium dioxide as an electron trans-
port layer.[19101] While mesoporous perovskite devices are still
developed further, both the n-i-p and the p-i-n planar device archi-
tectures have become very popular for high-PCE devices.[*1%] So-
lution processing splits further into two subclasses: 1) Processing
from one solution containing all necessary precursor chemicals
for completing the perovskite stoichiometry ABX;, often accom-
panied by so-called quenching methods and 2) sequential layer
or ‘two-step’ deposition: A film of BX, salt(s) is coated, which is
subsequently brought in contact with an AX solution (film).[*%]
Both processing routes are engineered to address the critical chal-
lenge of controlling perovskite crystallization kinetics—ensuring
homogeneous film formation, appropriate grain size, and con-
trolled thickness across large areas.!'® In more practical terms,
they answer the question of how to deposit a homogeneous,
substrate-covering layer of a (poly)crystalline material that ex-
hibits a well-defined thickness in the range 0.3-1.5 ym. While
conceptionally different, the two routes still follow the same log-
ical structure, which we denominate as “Putting-things-on-top-
of-other-things”. This is to say that, in the workflow, a sample is
passed on from one workflow step to the next in a timely succes-
sion with possible intermediate time delays as shown in Figure 1.
In the following, we introduce the one-step deposition of
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Table 1. Overview of Parameters, units, typical ranges, and best practices/control setups in perovskite solution processing as a complement to Figure 1.
In practice, the Excel sheet in the supplementary is ready to be used for reporting of parameters. Some best practices are marked (rec. = recommended),
which means that they are not required to reproduce a process, but provide a higher degree of details. To maximize standardization, all of the depicted
parameters were included in the TFSCO systematized according to the quenching techniques and associated with an appropriate URI (see Table S2,
Supporting Information and ref. [80]). For evidence in support of the choice of the concrete process parameters, see corresponding subheading in

Sections 3.1-3.4.

Typical range Best practice/Setup for control

Parameter Units
General Composition of atmosphere %W, ppm,
ppb
Pressure of atmosphere Bar, Pa, atm
Temperature of atmosphere °C, K
Solution Composition ml, uL,
mmol,
Solution handling -
Solution resting time h, min, weeks
Substrate Type -
Substrate Handling
Substrate dimension / Areaof cm X cm
Interest
Substrate movement cm/s, rpm
Substrate temperature °C, K
Previously deposited ©)
layer/Contact angle
Deposited wet film thickness um
Time to next step Min, h, weeks
One step All (except Quenching medium -

rad./thermal)

Impinging jet Nozzle geometry and size mm, um

20g/m"3 H,O—1ppb e Report type of atmosphere,
H,0, ® Measure humidity in ambient atmosphere,
21% O, - 1ppb O, ® Report ppm/ppb of trace gases in gloveboxes

® Report on the purity of the air in cleanrooms

® Limit solvent usage/report amounts and frequency of solvents
used as well as used solvent filters
(be aware of the difference between relative humidity and

absolute per cent of water molecules)

1atm, 10° — 10 Pa ® Measure when quenching at reducing pressure
15-80 °C ® Use a thermometer in the processing environment

5-0.1mmol, 10mL-1pL e Use Excel sheet from!”®! for exactly specifying amounts and
suppliers of chemicals

- ® Specify whether the solution was stirred and how long (if so
provide details about the used device), in which order the pre-
cursors were added and if elevated temperatures were used

® (Rec.) Record a video of the preparation of solution

10 min — 10 weeks ® Report (incl. stirring if used)

- ® Report the substrate material (glass, PET, PVT) and thickness
but also the supplier
® |favailable, report surface profilometry measurements or sim-
ilar characterization methods on pristine substrates

® Report how the substrates are cleaned
® (Rec.) photo of cleaning process
® (Rec.) provide details on the substrate holder during deposi-
tion
(1em — 300 cm)? ® Report dimensions
® Take photo with reference scale
® |Indicate area of interest (e.g. active area)
100 -0 cm s™', 100-10.000 e Report

rpm ® (Rec.) Record video with reference scale

15-200°C ® Report temperature setpoint
® Report model of hotplate and placement of samples
® (Rec.) Infrared picture of hotplate temperature distribution
and/or on samples

1°-80° ® Report parameters of previous layer deposition
® |fused, report steps of substrate activating processes
® Measure contact angle of perovskite ink

1-5um ® Report coating parameters fully specifying the used coating
technique
® Calculate wet film thickness from measurement of dry film
thickness
10min — 10 weeks ® Report

Dry Air, N,, antisolvent e Report exact composition of quenching medium

® |f quenching with gas, use the same gas as the surrounding
gas

e |f working in glovebox, limit concentration of solvent vapor
and ensure proper circulation and cleaning

0.01-10 mm ® Report

® Provide geometry (round nozzle, slot nozzle are common
standards), provide a sketch if non-standard geometries are
used
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Parameter Units Typical range Best practice/Setup for control
Nozzle output velocity or flow  m/s (uL/s) 0.01-200 m s~! ® For gas quenching, measure with a mass flow controller
rate ® For antisolvent quenching, provide a video
® (Rec.) use an electronic pipette with rate control
Nozzle distance from sample mm 0.1-50 mm ® Use a well-defined distance fixed by a mechanical mount or,
alternatively, record a video with a scale in the background
Impingement angle ° 10°-90° ® Use a well-defined angle by a mechanical mount or, alterna-
tively, record a video
linear flow Flow geometry mm, cm, etc.  10cm x 10cm —100cm x e Exactly specify the dimensions of the chamber, the connec-
100cm tions to the inlet and outlet, the pump model (if used) and the
location of the sample
® (Rec.) Provide a CAD drawing of vacuum chamber
Flow velocity m/s 0.01-10ms™" ® Ifapump is used: Provide the pump model and its volumetric
extraction rate as a function of pressure
® For high enough pressures: Measure the velocity with a mass
flow controller or an anemometer (Alternatively, perform flow
simulation)
® Exactly specify, which valves are used and at which moment
they are opened
® Record a video of the process
Pressure of Atmosphere Pa, bar, atm 10°~10 Pa ® Measure static pressure at multiple positions in the chamber
as a function of time if it deviates more than 10% from atmo-
spheric pressure at sea level
Natural/diffusive ~ Geometry of room/vessel and  mm, cm, m, - ® Record a video of how and where the sample is dried / im-
drying disturbances etc. mersed
® For natural drying: Measure relative air speed over the sample
with an anemometer
® For antisolvent, try to visualize the flow field for example by
introducing suspended particles
® Show how the drying process is influenced by intentional dis-
turbances. These can be a fan for natural drying or stirring for
antisolvent
Radiative/thermal Radiation type - - ® Provide type of radiation, such as plasma or temperature con-
duction
Geometry radiator/hotplate  mm, cm, m, - ® Provide supplier and model of tool (IR annealer, hotplate)
etc. ® (Rec.) provide a CAD drawing
Rad. Intensity/ W, kW - ® Provide an estimate for the intensity or power of the provided
heat flux radiation / heat flux
® Alternatively, measure the temperature change of the sample
when the annealing process is started over time
Distance from sample cm, - ® Report
mm, um ® |f the sample is placed directly on the radiation/heat source,
estimate the distance by measuring the roughness of the sam-
ple and/or the temperature distribution on the sample as de-
scribed above
Irradiation/heating time Min, s - ® Report
Two-step Cation Solution Composition ml, L, 5-0.1mmol, 10mL-TpL e Use Excel sheet froml’¢! for exactly specifying amounts and
mmol, suppliers of chemicals
Init. Annealing ~ Annealing time / Drying time min 1s — 60 min ® Report (annealing is optional, however if no annealing is used,
the time between the first and second step is crucial)
Annealing temperature °C K 20-80°C ® Report (if annealing used)
Annealing/Drying atmosphere  %w, ppm, 20 g/m"3H,0 -1ppb H,0, e Report as described above if different from atmosphere of first
ppb 219% O, - 1ppb O, step application (be aware of the difference between relative

Coating

Wet film thickness / Deposition
parameters

humidity and absolute per cent of water molecules)

See above
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Parameter Units

Typical range Best practice/Setup for control

Drying / Quenching parameters -

Immersion Vessel geometry
Immersion/Stirring descr., rpm
Reaction time min
Final Time until annealing min/h
Annealing time min/h
Annealing temperature °C, K
Annealing atmosphere %W

- See above

mm, cm, etc.  10cm x 10cm —100cm x e Provide a model/drawing/photograph with a references such

100cm that absolute dimensions are visible of the used beaker/vessel

10-100 rpm, stirrer e Record video of process of dipping/stirring/moving the sam-

ple through the cation solution

0.1-60 min ® Report
0.07-10 min ® Report
0.1-100 min ® Report

30°-200° ® Report

® (Rec.) Infrared camera photo / movie of temperature distribu-
tion on the hotplate

® |fthe sample s placed directly on the hotplate, estimate the air
gap by measuring the roughness of the sample. In ideal case,
use a well defined air gap.

0-30% humid., ® Report if different from processing atmosphere

21% 02 -1 ppm O2

perovskite thin film from solution in detail — structured accord-
ing to the specific, available quenching methods (Section 2.1) —
and conclude by detailing two-step procedures (Section 2.2) and
outlining their similarities with the one-step processing methods
described before.

2.1. One-Step Deposition of Perovskite Absorber Thin Films
2.1.1. Historical Origin of the Term “Quenching”

To date, one-step deposition procedures are the most common
method to fabricate perovskite absorber films from solution.!1%!
These methods usually require a so-called “quenching step” to
induce the nucleation of halide perovskites in a controlled man-
ner. For large-scale perovskite deposition, one-step processing is
used even more frequently.[*l The origin of the term ‘quenching’
is in the field of metallurgy, where it describes the rapid cool-
ing of a hot metal piece, potentially preventing undesired phase-
transitions.[1%1%7] To our knowledge, the first occurrence of the
term ‘quenching’ within the field of perovskite PVs (meant in the
sense of a processing step) is dated to January 2015: Hwang et al.
reported on large-scale PSCs by a two-step fabrication method of
slot-die coated PbI, that was subsequently dipped in methylam-
monium iodide (MAI) solution.['®] In this report, they described
the process of using a slot nozzle purged with nitrogen to dry
the deposited Pbl, solution film as “Gas-quenching” (the quota-
tion marks are also present in the original publication, hinting
at a rather colloquial use of the term). Contrary to its original
meaning, it is, however very unlikely that the cooling effect of
the forced convection played a major role in the morphology for-
mation of the Pbl,. Instead, it is believed that the difference in
the morphology formation of Pbl, was induced by rapid drying
due to the impinging air jet.['%-111] Ag of today, ‘quenching’ as
a general process description spread throughout the whole per-
ovskite research community. Beyond the still commonly applied
gas quenching, the terms ‘antisolvent quenching’ and ‘vacuum(-
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assisted) quenching’ were introduced as domain-specific labo-
ratory jargon. Notably, these terms are not to be confused with
quenching of luminescencel*?] discussed in opto-electronic de-
vices. Itis therefore a valid option to replace the term “quenching”
with “drying” or at least to mention “drying” alongside in publi-
cations, as the latter is more general and easier to understand
outside of the field.

2.1.2. Precise Definition of Quenching

When the general term ‘quenching’ is used in conversations
within the field of hybrid perovskite thin films, researchers refer
to the processes of quickly supersaturating the solution film. The
intention is that a high density of closely spaced crystal seeds are
created within a short time to confine the space for subsequent
crystal growth.['13-115] Ag shown before, mass transfer plays a cru-
cial role in achieving a high enough supersaturation increase!1¢
at exactly the moment, when the solution reaches critical concen-
tration for crystallization.[1%117] In detail, we would like to define
quenching herein as the aggregative term of three well-defined
sub-processes:

I. Mass and/or heat transfer between the film with the environ-
ment due to a specific action such as release of antisolvent
or opening of a gas nozzle

II. Change of the concentration and/or chemical environment
of the dissolved/complexed precursor solution film due to

(i)
III. Morphology transformation (involving drying, crystalliza-
tion, agglomeration, etc.) within the thin film induced by (ii)

In the above sense, quenching designates both the processes
of rapid drying and/or diffusion through the film surface as well
as the simultaneous crystallization from solution as induced by
a rapid supersaturation increase.['°*] We note that heat transfer
may play an important role in quenching,[''#-123] but this is not

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB017 SUOLUWIOD 3A 181D 3|l dde 8Ly Aq peuenol a1e sajolue YO ‘8SN Jo Sa|nJ 10} AeIq1T 8ULUO /8|1 U (SUORIPUOD-PUE-SWLBIAL0D" A IM ATeIq1jBulU0//SdNy) SUORIPUOD pue SWie 1 34} 88S *[5202Z/0T/60] U0 AkeiqiauliuO AB]IAN ‘D1jandey YaezD aueiyd0d Aq Z8TE0SZ0Z WUSe/Z00T OT/I0p/L0d" A8 | Im Afe.d 1jBul U0 'peoUeApe//Sdny wouj pepeojumod ‘0 ‘0v89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANgED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

Two step deposition: for BX application after AX, deposition

| Prior Characterization | [Insitu Characterization |

| Ex situ Characterization |

I
I
|y |
Substrate materialjtype | Wet film thickness
| Substrate handling/holder |

1 Substrate dimension |

] Substrate movement |

] Substrate temperature |

] Previosuly deposited layers
] Contact angle

R e s . ———

FTIR Response

Coating

-
: Solutions | At
17

I
| ' [} Blade Coating Param.
1 Composition of solution |
1 Solution handling | A[
| J !

A
Workflow (4 4

Spin Coating Param.

Q At

Slot Die-Coating Param.
‘—U—’ At

R
Spray Coating Param.

/ rlnput Substrate I Solution Film
e ——

Luminosity / Absorbance

] X-Ray Diffraction Response

(S s . s, s s, s, s

g

Crystallized film

1r

N I
% I— |
N I
V] I
1 I

RMeta)stable Film
I

1

| SEM/AFM/OM images SEM/AFM/OM images Further
] Luminosity / Absorbance ] Luminosity / Absorbance device
FTIR Response | | FTIR Response

] X-Ray Diffraction Response ] x-Ray Diffraction Response | fabrication

Drying| Annealing
Quenching —
1 A { - At
P

Radiation type

Geom. radiator/hotplate
Rad. intensity/heat flux
Distance from sample

At ‘ At

Annealing temperature
Annealing atmosphere

Quenching Medium
Nozzle geometry and size
Nozzle output velocity
Distance from sample
Impingement angle

|
Tt

Quenching Medium
Flow geometry

Flow velocity

Pressure of atmosphere

fo At
A/
Quenching Medium

Geometry of room/vessel
Impact of disturbances

Legend

Workflow step
Required Parameter 1
Required Parameter 2
Optional Parameter 1

- At I's: Sample State |

—— Required Parameter 1 |

| Required Parameter 2 |

- 1 Opllnnal Parameter 1 1
Radiation type

[ SRR ——

Geom. radiator/hotplate
Rad. intensity/heat flux
Distance from sample

Figure 1. Process parameters involved in perovskite solution processing are structured into states (light blue boxes with dashed borders) and workflow
steps (gray boxes with solid borders). Required parameters for specification of workflow steps are drawn in black, while optional parameters that can be
measured for additional insight are drawn in gray. The logical succession of states through modification by workflow steps according to the “Putting-
things-on-top-of-other-things” logic is conceptualized by the purple arrow with the label “workflow”, where some parameters of the environment are
kept constant (blue box). The general idea is that a (semi)stable state is passed on from one step in the workflow to the next in a timely succession,
where the choice and order of the latter completes a deposition workflow. According to this logic, two-step processes may be represented by a recurrent
loop within the workflow symbolized by the thin arrow on top (which means that all depicted parameters involved in the first step need be specified
again). The gray arrows with the label At indicate that time differences between the execution of the process steps should be known and the At symbols
in the top right corner of the steps indicate that every step has an intrinsic duration, as well. Opportunities for characterization are shown in green boxes.
Characterization is paramount for tackling remaining drifts in material systems and surveilling the quality of the perovskite deposition process.

always the case (for example, if the film is kept at a constant tem-
perature and potential evaporative cooling is balanced instantly
by a heat conduction). In contrast, mass transfer with the envi-
ronment is present within all quenching processes (to our knowl-
edge, there is only one exception of perovskite crystallization
from molten salt liquids without mass transfer,['2*] which is how-
ever not widely adopted). Using the above definition, it is sensible
to distinguish quenching further by the involved mass transport
mechanisms (see tab “Drying/Quenching” in Figure 1). Correct
specification of mass transport!'?’! dictates which process param-
eters are required for the respective quenching methods consti-
tuting blocks in Figure 1.
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2.1.3. Impinging Jet Quenching Using Antisolvent or Gases

Here, an impinging jet of either a gas or an antisolvent is es-
tablished on top of the perovskite solution film to extract the
solvent from the film and/or exchange the solvent in the film
by an antisolvent. Impinging jet quenching using antisolvent
was historically the first quenching method used for inducing
perovskite crystallization.[*>126] Until now, antisolvent quench-
ing (also referred to as “antisolvent treatment” or “solvent en-
gineering” method) remains the most common way of fabricat-
ing perovskite absorber layers in literature, and in particular,
for fabricating world-record PSCs.['®] One of the reasons is that
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antisolvent quenching is very effective due to the high supersat-
uration rates induced by liquid-liquid mass transfer.[!%*] How-
ever, this methodology is not commonly used in works on large-
scale perovskite deposition (with some exceptions),'?-12l where
gas quenching with a slot nozzle or vacuum-assisted quenching
is often preferred.**! While the latter method does not fall un-
der the category of impinging jet quenching (see next section),
the former method is another representation of an impinging
jet and involves therefore very similar process parameters. The
advantages of using a slot nozzle with pressurized air is its sim-
ple setup and operation using abundantly available pressurized
air lines. This simplicity reduces the potential cost for indus-
trial production.*”13] However, a major drawback of imping-
ing jet quenching remains: It is difficult to obtain reproducible
and homogeneous process conditions on large scale substrates
due to the inhomogeneous mass transfer induced by an imping-
ing jet.[''”] For quenching using a gas nozzle, this issue can be
partially mitigated by tilting the nozzle and tuning the move-
ment of the substrate in a suitable way. However, this can still
be challenging to implement in practice — in particular for batch-
to-batch coating where the drying of the initial part of the sub-
state experiences different starting conditions than the end of the
substrate.!!!]

2.1.4. (Vacuum Pump-Assisted) Linear Flow Quenching

Under the category of linear flow, we understand a setup in which
air flows linearly over a substrate along a pre-defined direction,
where the dimensionless Reynolds number!'3?! is decisive for the
build up of either turbulent or laminar flow.'>! As opposed to
impinging jet quenching discussed before, the employed fluid
does not directly impinge onto the sample but steadily flows over
the sample. Although treated by some groups previously, 133134
it might seem that linear flows would not find an extensive ap-
plication in the field of perovskite PV. However, vacuum-assisted
quenching methods, which have become very popular for the fab-
rication of high-quality and scalable batch-to-batch processed per-
ovskite PV,[135142] ressemble linear flow quenching methods.[**]
In detail, a vacuum pump induces an air flow alongside an expo-
nential decrease of pressure, increasing mass transfer into the
gas phase, which, in turn, helps to supersaturate the solution
rapidly.'% Possibly the biggest advantage of this method is that
the mass transfer is rather homogeneous on a lateral scale as
compared to the impinging jet, greatly facilitating its scalabil-
ity for batch-to-batch operation.!'®3] Similarly, a substrate that is
moved through an antisolvent bath or is coated with an antisol-
vent will be subject to a net linear flow of antisolvent.[127:129.144]

2.1.5. Natural Drying and Convective/Diffusive Quenching

When a film dries naturally or a film is immersed in a large vol-
ume of antisolvent, convective or diffusive mass transfer (or a
combination of the latter) is apparent!!*4%l (colloquially, some
perovskite researchers would not designate natural drying as a
quenching process, but the above definition can still be applied).
Diffusion occurs due to the Brownian motion of molecules. At
the same time, convective eddies may build up due to differ-
ences in buoyancy of fluid close to the film as compared to the
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surrounding fluid (this can also be a negative buoyancy due to
solvent molecules from the perovskite film having a higher den-
sity than the surrounding medium).I'*”] An antisolvent bath acts
analogously to natural drying: The only particle transfer is caused
by diffusion due to Brownian motion and, potentially, natural
convection induced by the different buoyancy of the liquid close
to the film (neglecting for a moment the fact that the process
of substrate immersion induces a flow of antisolvent over the
substrate). A clear advantage of natural drying for industrial fea-
sibility is the simplicity of the process requiring no additional
processing equipment (except proper ventilation and potentially
recycling of solvent vapor). It is therefore very cost-effective for
industrial-scale application.['*] However, one of the downsides
is that little changes in environmental ventilation or the sample
transport can induce distortions in the convection over the sub-
strate. These changes may alter the drying dynamics and impact
product yield.[*®] Since movement of air is always present in a
real-world fabrication environment, this type of drying might be
challenging to reproduce. A similar consideration applies for the
antisolvent bath, where the sample transfer certainly induces a
complex fluid flow that impacts mass transfer.

2.1.6. Radiation/Plasma/Heat Induced Quenching

Some quenching methods cannot be classified into either of
the above categories. For example, the perovskite solution
film can be exposed to a flux of photons (mostly infrared
radiation),[119:122123.149.150] 3 plagsmal'>!] or a rapid heat conduction
through the substrate.[!18120121] The advantage of these meth-
ods is that they are compatible with high-throughput process-
ing. They further allow for the reduction of process complexity
by combining quenching and annealing in a single process step.
However, due to the rapid dynamics involved, it is difficult to
identify cause-and-effect relationships for these techniques cor-
rectly. For example, when using infrared radiation, the film heats
up rapidly, in turn, experiences accelerated evaporation of solvent
out of the film and accelerated crystal growth. It is therefore very
hard to predict which morphology forms as fast evaporation leads
to homogenized morphology, while extensive crystal growth can
create large crystallites with gaps of low substrate coverage.!11>117]
For heat-induced quenching, heat conduction through the bot-
tom surface dictates the morphology formation. The dynamic
temperature change and stabilized temperature distribution on a
substrate can be difficult to quantify due the complexity of mod-
elling heat transfer through the substrate. An accurate model
would include the inhomogeneous air gap spacing between the
substrate and hotplate and the lateral temperature distribution
of the hotplate. Therefore, thermal cameras and/or temperature
sensors should be employed when using these techniques.[152-1>4]

2.1.7. Combining Different Quenching Methods

Lastly, we would like to stress that multiple quenching methods
can be combined.[122127:12914] For example, gas quenching can
be employed to pre-dry the perovskite solution film and then the
perovskite nucleation can be induced by antisolvent quenching or
infrared radiation. In the case where multiple quenching meth-
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ods are combined, the process parameters for each individual
method, as detailed below, must be specified.

2.2. Two-Step Deposition of Perovskite Absorber Thin Films

The second principal route for fabricating perovskite ab-
sorber films is the so-called sequential deposition or two-step
route.'9155] A layer of a pure lead halide salt (or a mixture
of these) is deposited independently from solution, or alterna-
tively vapor-deposited, in a first step. Subsequently, in a second
step, a film of a cation solution is deposited by a common so-
lution deposition technique or alternatively, from a bath!15617]
or a vapor!1®813 (in case vapor and solution steps are combined
the process is referred to as hybrid).'! The film is then an-
nealed to induce/complete the conversion of the sequential films
to form a halide perovskite film. Although two-step deposition
of perovskite thin films is less often used in large-scale device
fabrication (with notable exceptions),!12215816L162] jt hag become a
popular alternative for fabricating high-PCE devices!'%?! and tan-
dem devices.[1164] Tn contrast to one-step deposition, the per-
ovskite morphology formation is controlled by the coating of the
cation layer and the subsequent conversion to perovskite. It was
shown that for two-step deposited perovskite films, the porosity
and/or roughness of the lead iodide film has a crucial impact on
the thin film quality.l'%>-1%] Ag already mentioned above, to con-
trol the morphology of the first step, similar quenching methods
can be applied as in one step processing.'17% Conceptionally,
the coating of a second layer on top of the BX,, layer can be seen
as a replicate of the first coating step (such that a new instance
of the same parameters according to the chosen workflow steps
apply). However, it must be considered that two-step deposition
is a more complex process involving simultaneous mass trans-
fer and diffusion of a multicomponent system, intercalation and
phase transitions.'””!] We will, nevertheless, take advantage of the
similarities between the one-step perovskite deposition and the
application of either step during two-step deposition, concluding
that, in principle, similar drying and/or quenching methods can
be used (see recurrent arrow in the flow logic of Figure 1). In the
conclusive analysis in section 4, we will further illustrate that the
outcome of the second step application not only depends on its
process parameters but also on the (possibly transient) proper-
ties of the states passed on from the processing of the first step.
Spectroscopic or microscopic characterization of this intermedi-
ate state is therefore highly recommended.

3. Pivotal Process Parameters Impacting
Perovskite Solution Processing

In this section, we summarize state-of-the-art evidence on the im-
pact of individual process parameters on the perovskite morphol-
ogy formation within one- and two-step processing building on
the logic introduced in Figure 1. A process parameter is, in our view,
a physical quantity that can be measured in principle. This definition
is compatible with the fact that many process parameters are not
directly measured during the workflow, most commonly if the op-
erator trusts a prior calibration of the employed tool, for example
the set rotations per minute of a spin coater or the volume scale
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of a pipette. We further note that this definition does not request
that process parameters are always fully controllable. The distinc-
tion between controllable and non-controllable (environmental)
parameters is often blurred. As an example, the laboratory hu-
midity or temperature can be adjusted via air conditioning, but
only within certain limits.

To summarize the above results and maximize their relevance
to the community, we have composed a table listing all required
parameters along with their typical units and value ranges (see
Table 1; we summarized some ambiguous terminology of sim-
ilar process and parameters in Table S1 (Supporting Informa-
tion) that can be useful to understand Table 1). In the next sec-
tion, we provide the detailed evidence outlining the relevance of
every single parameter for improving reproducibility and qual-
ity output of perovskite fabrication routines. For each parame-
ter, we include a recommendation as to how this parameter can
be controlled and reported properly. For parameters that can be
controlled in a straightforward manner, we just filled this cell
with the remark “report”. In a supplementary, ready-to-use Ex-
cel Sheet, we map Table 1 to the URIs of the updated TFSCO!®"]
to standardize vocabulary and increase machine readability (the
original structure of TFSCO is depicted in Table S2, Supporting
Information). We recommend the use of the Excel sheet for mak-
ing sure that every required parameter of Table 1 for the respec-
tive processing method is published. Such reporting check-lists
could be requested by journals in the future for the benefit of
the research community. In this way, not only a quick overview is
available for future experimentalists, but also machine readabil-
ity according to FAIR data principles is improved tremendously.
Note that the transition and use of research data management
platforms such as NOMAD will facilitate adherence to harmo-
nized and standardized reporting on sample/device preparation
procedures.

Before analyzing the individual parameters, we start by spec-
ifying the process parameters that are applicable to perovskite
solution processing in general during coating (Section 3.1). We
then continue with one-step deposition (Section 3.2), listing the
parameters for each individual quenching route, and conclude
with two-step deposition (Section 3.3). The quenching methods
are distinguished according to the involved mass transfer dynam-
ics as introduced before: Impinging jet quenching using antisol-
vent or gas (Subsection 3.2.1), linear flow quenching (Subsection
3.2.2), natural drying or convective/diffusive (Subsection 3.2.3),
and radiation/thermal based quenching (Section 3.2.4). In Sec-
tion 3.4, we conclude with the process parameters that need to
be specified after the coating process.

3.1. General Parameters

We start with the general parameters that must be specified for
every perovskite deposition from solution (see process logic in
Figure 1 and parameter list in Table 1).

Composition of Atmosphere: The composition of the atmo-
sphere is defined by its oxygen content (% or ppm),['72175] the
humidity (RH: % or ppm, AH: g/m?)[776-182] a5 well as the pos-
sible accumulation of solvent vapor in the atmosphere,['83-18]
the latter being crucial for closed glovebox systems.['] In some
instances, the atmosphere is intentionally enriched with solvent
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vapor to influence with perovskite morphology formation.!183187]
For these instances, it is of great help to quantify the amount of
added solvent vapor and the volume of the vessel confining the
atmosphere. The choice of quenching medium, described below,
can have a tangible effect by superseding the present atmosphere
(especially in the case a liquid antisolvent is used). However, the
possibility of modification of the film surface (or the drying of the
same film) before the onset of quenching due to the atmosphere
cannot be ruled out. Another important aspect is the purity of the
atmosphere. If for example, a cleanroom atmosphere is present,
the particles per volume can be specified. If the atmosphere is
(partially) ionized under conditions of intense UV light, this as-
pect should be studied or ruled out by systematic investigation.

Pressure of Atmosphere: Most experimental routines are per-
formed approximately under atmospheric pressure (weather re-
lated pressure differences, pressures of impinging gas jets and
altitudes above sea level should not lead to significant deviation
above 10%). However, whenever significant pressure differences
exceeding ~0.1 bar are present, they should be reported. While
absolute static pressure has no influence on the partial vapor
pressure of solvents themselves (which are, in ideal gases, in-
dependent of total pressure), air flows at reduced pressure may
allow for accelerated mass transfer during drying. The reason
is that, as demonstrated before,'™ the Sherwood correlations
dictating mass transfer in air flows indirectly depend on static
pressurel 18] through parameters as the Reynolds number, gas
viscosity and diffusion coefficients!!®! (for more details see ref.
[104]). This effect is leveraged in vacuum-assisted quenching,
where the surrounding pressure decreases with time.[1%]

Temperature of Atmosphere: The temperature of the atmo-
sphere severely affects the perovskite morphology formation.!'!
In particular, the composition of the perovskite solution is af-
fected by the evaporation of solvents and other volatile com-
ponents into the gas phase that depends on temperature.!'88!
The reason is that diffusion coefficients as well as other prop-
erties such as viscosity and density of the gas are temperature-
dependent.l'®] Further, as alluded to above, if the temperature of
the atmosphere differs from the substrate temperature, the sub-
strate can gradually heat up or cool down. This occurs more likely
iftemperature differences are substantial or when the substrate is
(close to) being thermally isolated (such as is the case for floating
substrates or substrates on top a rubber ring employed in spin
coating). Furthermore, large temperature gradients can induce
convective eddies that alter film drying.[**”]

Composition of Solution: One of the most important parame-
ters that needs to be defined is the composition of the perovskite
solution. If the used solution is ill-specified, the reproducibility
of the process will be at risk, independent of the question of
how well the following parameters are described. The main pro-
portions of the solvents, their purity as well the suppliers and
concentration of the precursor salts must be known. Even small
changes in stoichiometry™*°!l or residual of the chemicals
synthesis!'®?] can have severe effects on the perovskite morphol-
ogy formation and thus device performance as well as stability.
Additional impacts are caused by the choice of solvents,*>541%3]
additives! %19 lead salts!'*’] and their residuals(**-2%] a5 well as
the cations.[*197] We note that the importance of small residual
additives as passivation agents!®*1**l and for engineering of wet-
ting and crystallization has increased in recent years.[2°2292] This
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is why precise description and control of solution composition
down to very small molar contributions has become even more
crucial for reproducing experiments. We highly recommend us-
ing the detailed table for specifying solutions in publications in-
stead of plain text, as for example provided by Goetz et al.l”®]

Solution Handling During Preparation: For specifying the per-
ovskite solution completely, not only the exact composition but
also the handling of the solution comes into play. When the
solution is prepared, extensive stirring!?}! as well as elevated
temperatures!?*! or filtering might be used, which can impact
nucleation, later on. The reason is that perovskite solutions are
known for the formation of iodoplumbate complexes!?®! and
colloids.20207] When handling the solution in a different man-
ner or in a different atmosphere (see parameter above), the mi-
crostructure of the solution may differ, inducing changes in the
subsequent crystallization dynamics.

Solution Resting Time and Handling after Preparation: After
the preparation of the perovskite solution, it is important how
long the solution rests before the coating process is started. This
is due to the fact that many perovskite solutions are unstable and
degrade as they age.l?%8-210] Pogsible reasons are the interaction
with the surrounding atmosphere through hydration(2!'-2131 or
decomposition of solute components such as methylammonium
iodide.?*l On the contrary, there are instances of beneficial ef-
fects of aging that help with the formation performant perovskite
absorber film.?'*] In addition, if the solution is stirred contin-
uously after preparation or filtered/shaken again before deposi-
tion, this information should be provided.

Substrate Type/Materials: The substrate material must be re-
ported as its properties can impact the fabrication of the per-
ovskite film, later on. We define the substrate as the part of
the PSC that does not participate in the electronic functional-
ity of the PSC.[21] Key properties of substrates are their elastic-
ity and rigidity as measured by Youngs modulus, their heat ca-
pacity, -conduction and -expansion, temperature stability as well
as their thickness, roughness, and tolerance. All of these factors
can have an impact on the subsequent fabrication steps. Most
prominently, it is challenging to fabricate a PSC on flexible sub-
strates due to a harder control of wetting and perovskite for-
mation on these substrates, possible stresses on the perovskite,
the functional layers, and the interfaces during bending and
stretching.[217-219] Tt is good practice to not only report the sub-
strate material (glass, metal foils, Polyethylene terephthalate,
polyethylene naphthalate, etc.) and thickness but also the sup-
plier and, if available, surface profilometry measurements or sim-
ilar characterization methods on pristine substrates. We further
note that substrate properties play a major role in annealing pro-
cesses described later because these dictate how fast the tempera-
ture of the thin film changes upon heating and cooling. The sub-
strate material can further induce thermal stresses due to thermal
expansion.

Substrate Handling, Preparation and Substrate Holder: Sub-
strate preparation, for example by cleaning, is a critical step in the
fabrication of PSCs, directly impacting film quality, device per-
formance, and reproducibility.??°! Any residual contaminants—
such as dust, organics, or metal particles—can influence the
nucleation and crystallization of the perovskite layer, potentially
leading to defects, pinholes, or poor film adhesion. These imper-
fections reduce charge carrier mobility and increase recombina-
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tion losses, ultimately lowering the device efficiency and stability.
A substrate cleaned in a well-specified manner ensures a uniform
surface energy, promoting homogeneous film formation and
enabling consistent manufacturing outcomes. This is essential
for laboratory research and scalable production.

Further, not only the substrate itself, but also the holder of the
substrate can be crucial for the resulting perovskite film. For rigid
substrates, the substrate holder’s topology, leveling, and preci-
sion with possibly included vacuum suction points can have an
impact on the shape and bending of the substrate surface. In a
similar way, the tension and leveling of floating flexible substrates
as well as the adhesion method of fixed flexible substrates, are
decisive for their surface curvature. These particularities are only
very rarely mentioned in literature. A photograph and technical
drawing with tolerances of the used holder can make a great dif-
ference in the attempt to reproduce results.[??!]

Substrate Dimension and Area of Interest:  For being able to re-
produce a solution deposition process, the extent and exact po-
sition of the area of interest!???] on the substrate play a major
role. Most coating methods are inhomogeneous on the lateral
scale.[] For fully scalable coating methods such as slot-die coat-
ing, screen printing, and spray coating, these issues decrease (in
the ideal case) with the substrate size. Non-scalable methods like
spin coating or blade coating exhibit inverse behavior. Notably,
for all common drying/quenching methods, the involved mass
transfer dynamics are inhomogeneous on the lateral scale,!!”]
as well. For example, mass transfer peaks sharply under a gas
nozzle (or “air knife”) and falls off to the edges in a smooth way.
Therefore, quenching might be less effective toward the edges
of the substrate, but mass transfer is more homogeneous in this
region.!'"”] In the same way, in case a linear air flow is used, mass
transfer is highest at the edge of the substrate and falls off along
the direction of air flow as the air saturates with solvent.'**] Also
for natural drying, inhomogeneities can arise due to the shape
of convection cells in the gas phasel??’] and the higher surface-
to-volume ratio at the edges of the film. It is therefore crucial to
report which extract of the substrate area a particular analysis is
focused on.

Substrate Movement:  Substrate movement during processing
must be taken into account because it dynamically impacts the
mass transfer conditions. By moving a sample linearly under a
jet of gas, for example, mass transfer is effectively integrated by
subjecting the film to many different conditions in a timely suc-
cession. A similar observation holds for the rotational movement
induced by spin coating.[22#25] Since perovskite crystallization
occurs at a certain point in time, it might also be helpful to ad-
just the movement of the substrate. In this way, the nucleation
occurs at a certain position (or moment) during the movement
(for example the position of maximum mass transfer).[''’] Addi-
tionally, substrate movement can continuously reshape the solu-
tion thin film as is the case in spin coating.[??] Further, move-
ment relative to the quenching medium might have an effect.
This is the case, for instance, when a flexible substrate is moved
through a bath of antisolvent. Another example is the spinning of
the substrate in antisolvent (or air) establishing a radial flow over
the substrate.!?2622°] If the velocity of the quenching jet is much
higher than the movement speed, this effect can be neglected.

Substrate (or Perovskite Film) Temperature: Substrate temper-
ature is one of the most important parameters when depositing
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perovskite solution films. Typically, it is assumed that heat con-
duction between the substrate and the very thin, deposited so-
lution film is sufficiently high such that the solution film im-
mediately stabilizes at the same temperature. However, the sub-
strate itself has a certain heat capacity and conduction, which
governs how its temperature changes over time. The film tem-
perature, in turn, severely impacts both the crystallization and
drying dynamics.[133205230] [n case the atmosphere (or quench-
ing medium) temperature differs greatly from the substrate tem-
perature, heat transfer from the environment can no longer be
neglected. For example, when using a hot air gun/®!l or a pre-
heated antisolvent,[23?] temperature of the quenching medium
must be reported. Under these circumstances, it becomes pos-
sible that, upon contact with the externally heated medium, the
perovskite thin film gradually heats up (or cools down).[?33] When
drying a perovskite thin film fast, evaporative cooling may also
come into play and must be accounted for in the energy and
mass balance.[3] This becomes especially challenging when
free-floating flexible substrates are used that have limited thermal
contact to the exterior. It is preferable for reproducing results to
constrain process parameters to extreme cases where heat con-
duction reaches an equilibrium such that the film temperature
equals the substrate temperature. This reduces the complexity of
the setup and facilitates reproducibility and modeling of process
dynamics.['®] If this cannot be implemented, it is good practice
to measure the temperature evolution over time with an infrared
camera or a thermocouple.

Previously Deposited Layers/Substrate Surface: The previously
deposited layer and its surface energy have an influence on the
perovskite solution deposition and crystallization. For one thing,
the preceding layer impacts the rheological properties, such as
wetting measured commonly by the contact angle. The contact
angle (or surface energy) directly governs the deposited wet film
thickness when coating the perovskite solution (see next param-
eter). This is especially crucial for droplet-based deposition, such
as used in inkjet printing!?**2**] or spray coating.!?**! For another
thing, the pre-deposited layer can directly influence perovskite
nucleation and crystal growth by offering nucleation sites and/or
preferred growth directions.[237-23]

Contact Angle or Wettability: As mentioned before, wettability
(or surface energy) as measured by the contact angle is a crit-
ical parameter. It depends not only on the substrate itself but
also on the used solution (parameter introduced earlier). It is
typically quantified with contact angle measurements that are
facile enough to be executed for every perovskite solution pro-
cess. In this way, differences between laboratory settings can be
detected more easily. Wetting not only influences the coating pro-
cess but also crystallization and film formation during perovskite
deposition.[2*92*1] Processes affecting wettability, such as wash-
ing (see again parameter ‘substrate handling’) and/or plasma
etching (also known as ‘UV ozone treatment’) should be prop-
erly specified with duration and intensity. Washing impacts the
wetting and the adhesion to the subsequent layers and can po-
tentially damage the preceding layers. In addition, the time af-
ter plasma treatment and washing is a critical parameter because
those surface treatments are sometimes reversible with time in
ambient conditions.[24224]

Deposited Wet Film Thickness or Coating Parameters: The
thickness of the initial wet perovskite solution film before the
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drying or quenching process determines the outcome of the per-
ovskite solution deposition process. Depending on the used coat-
ing technique, a variety of parameters such as the surface energy
of the precedent layer, the surface tension, density, and viscos-
ity of the solution, the solution sheering speed, and the vapor
pressure (some of the solvent evaporates already during coating
before any quenching), can impact the resulting deposited wet
film thickness.[?*4-2%%] Tt might be challenging to define the wet
film thickness because evaporation can start immediately after
the coating process. In this case, only the coating parameters can
be reported.2*2%8] In particular, for batch-to-batch coating and
droplet-based coating techniques, the film surface may be inho-
mogeneous. This can lead to the edges of the film drying faster
than the center and Marangoni convection cells inside the film,
fueled by the internal concentration gradients.**-%!] In some in-
stances, measuring the volatile wet film thickness after coating
is challenging.['%133] This is why the specification of this param-
eter cannot be expected to be directly measured in all reports.
However, as an easy alternative, it can be an option to measure
the thickness of the crystallized film and then estimate the initial
wet film thickness by producing this film thickness from mate-
rial densities.[''”] Alternatively, a full specification of the involved
fluid and coating parameters (viscosity, surface energies, densi-
ties, additional rheological parameters, coating speeds, droplet
size and ejection rates, ...) is equivalent to the parameter of the
wet film thickness and enforces reproducibility. The great ad-
vantage of determining wet film thicknesses is that it allows for
a comparison of processing conditions across different coating
techniques.

Time to Quenching Onset/Time to Second Step Application: A
notable parameter dictating the effectiveness or outcome of
quenching is the time the wet film had to dry before quenching
was performed. The same is true for the application of the sec-
ond step in two-step deposition where residuals of solvent can
impact the diffusion of the cations into the lead halide layer.[*>]
This is often referred to as waiting time or delay time. Due to
the high boiling point of the employed polar solvents, perovskite
and lead halide solution films exhibit a very slow drying rate at
room temperature. The drying rate can be further reduced when
intermediate phases are involved.l''”] If the employed quenching
method or the second step deposition are resilient to variations in
the initial film thickness, the time to the next step might be less
relevant. This case is occasionally referred to as the presence of
a wide processing window.[2253] However, especially when low-
boiling point solvents, elevated temperatures and/or an unstable
precursor solutions are used, the time until the second step is
started can become a very important parameter. Accordingly, the
time before quenching has been identified as a critical parame-
ter by Zhang et al. and Hamill et al.[?*] and it is optimized in
many other reports. Afterall, we are convinced that the parameter
should be reported (which is mostly the case when using antisol-
vent quenching as we will see in section 4).

3.2. One-Step Processing
3.2.1. Impinging Jet Quenching Using Antisolvent or Gas
In the scenario of an impinging jet of a quenching medium flow-

ing over the substrate (see Figure 2a,b), the mass transfer (as
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given by the Sherwood number) is well-defined exactly when the
parameters given below are specified.['*’]

Medium Ejected from the Nozzle: The type of medium used
for quenching plays an important role for defining process con-
trol in quenching. Especially for gas quenching and vacuum
(-assisted) quenching methods, it is not straightforward to iden-
tify the medium flowing over the perovskite thin film. For exam-
ple, if nitrogen is ejected from a nozzle in ambient air, the ejected
air stream quickly mixes with the ambient air through turbulence
and diffusion.?®’] Thereby, the quenching medium impacting
the perovskite thin film is not well-defined. For the magnitude
of the mass transfer, this plays only a minor role since the prop-
erties of different gases are very close to those of the ideal gas.
However, the composition of the drying gas can still impact the
perovskite morphology formation through indirect effects, such
as the diffusion of water or oxygen into the thin film or catalytic
impacts of these species on the morphology formation.?%®! Fur-
thermore, both in vacuum(-assisted) quenching and in glovebox
systems, it is possible that solvent vapor builds up in the confined
volume if the air is not extracted or filtered fast enough. To es-
tablish reproducible conditions, there are several options: 1) Use
the same medium for quenching as is present around the sub-
strate, 2) ensure proper circulation and flow conditions, 3) limit
the solvent use in a glovebox to avoid buildup of solvent vapor. For
antisolvent quenching, the film is covered by the antisolvent dur-
ing quenching. This method might therefore be more resilient to
different atmospheres. A saturation of the atmosphere with the
gaseous antisolvent or other variations of the atmosphere can,
however, still impact the crystallization dynamics before or after
the quenching, as alluded to before.

Nozzle(s) Geometry and Size: Typical nozzle geometries are
round and slot nozzles, for which mass transfer correlations
are well-defined!?>?2%1 (see Figure 2c). However, also nozzle
fields and combinations of suction and ejection nozzles can be
used.[161:25%:261] Tn this case, nozzle width (and potentially nozzle
spacing) must be fully provided (the best practice is to provide
mass/heat transport coefficients directly(!'”13!] instead). Other-
wise, mass transfer at the interface between the film and the flow
medium is not well defined, making a reproduction of the re-
sults challenging unless authors provide a full Computer Aided
Design (CAD) drawing of their setup. For antisolvent quench-
ing, standardization of pipette tips in certain volume ranges can
help to reproduce experiments.[**?) However, this is very inaccu-
rate due to the possibility to choose different pipette sizes for
the same amounts of used antisolvent or differences in pipette
design across suppliers (even intentional manipulation of the
pipette openings are commonly employed). This is why explicit
reporting of the tip diameter cannot be substituted by specifica-
tion of the antisolvent volume.[?®3] The size and geometry of the
nozzle or nozzles impact the homogeneity of mass transfer dy-
namics directly and thus govern how effective and homogenous
the quenching will be on the selected area of interest.[?>>] As men-
tioned above, substrate movement can become important to bal-
ance inhomogeneities in the mass transfer induced by the nozzle
geometry.

Nozzle Distance from the Sample:  The third important param-
eter is the distance of the nozzle from the thin film (for mass
transfer calculations it is usually defined as the distance of a line
along the direction of air flow until it hits the sample).l?* In
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Sample during antisolvent quenching

( ) Different nozzle geometries
for gas quenching
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pressure gun held
at a specified angle

Sample during focused gas quenching

Nozzle height and ejection rate
variation during antisolvent quenching

Impact of nozzle geometry on
perovskite crystallization

(e)

Right-angle blowing

Shallow-angle blowing
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Roll-to-Roll coated perovskite films
dried at different mounting angles
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Thermal
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drying
Air flow rate
Q. &

Anti-solvent

Schematic of well-specified parameters
during gas quenching

Figure 2. a) Impinging jet quenching using antisolvent ejected from a pipette with involved parameters ejection velocity ug, nozzle width d, height h,
(orange) and b) using high-pressure gas ejected from an air gun with involved parameters velocity uy, nozzle width d, height h and impingement angle
0 (orange). It is also possible to use an air knife with a slot nozzle or nozzle field (not shown here). The similarity between (a) and (b) methods becomes
evident in view of the illustration. c) Two different nozzle geometries employed in gas quenching. Reproduced from ref. [255] (supplementary) with
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the work of Zhang et al., the control of this parameter proves es-
sential for optimizing the perovskite device performancel® (see
Figure 2d). It is therefore very likely that operators already opti-
mize the parameter unconsciously in the laboratory. Distance is
crucial for striking a tradeoff between homogeneity and magni-
tude of mass transfer.'¥”] When choosing distances closer to the
sample, the mass transfer peaks under the nozzle center. How-
ever the difference between this peak and the outer edges of the
substrate is more pronounced. In turn, the magnitude of mass
transfer governs the formation of the perovskite morphology.'!’]
In some cases, the direction of movement can play an important
role in balancing the remaining inhomogeneities. For spin coat-
ing, the rapid rotation enforces homogenization of areas in a ra-
dial dependence around the center of rotation (see homogeneity
of the PL response as measured by Zhang et al.).[*®) Interestingly,
nozzle distance is often directly specified in gas quenching. How-
ever, in publications of antisolvent quenching it is mostly not de-
fined (details follow in Section 4).

Nozzle Output Velocity (Alt. Pressure, or Air Gun Model and Set-
ting): Animportant parameter dictating the flow of the quench-
ing medium over the substrate — and thus the apparent mass
transfer — is the flow velocity of the medium at the nozzle
opening. Practically, for antisolvent quenching, this parameter is
equivalent to the ejection rate of solution volume per unit time
when the nozzle geometry is correctly specified. Empirical evi-
dence suggests that the flow velocity is a crucial parameter for
some classes of antisolvents, while it might be less important for
another class of antisolvents!?®! (this is related to solubility dif-
ferences and the high effectiveness of the methodology making it
resilient to parameter variation).l'%] Nevertheless, an estimation
of flow velocity is crucial for specifying the process correctly such
that it can be transferred to large-scale deposition and/or repro-
duced in other laboratories. For gas quenching, air velocity is a
very important parameter because gas quenching is less effective
than antisolvent quenching.'% Hou et al. find that air flow has
a tangible impact on the perovskite morphology and thus the de-
vice performancel??*] (this can be partially reduced when using a
more resilient solvent system). In most cases, higher air flow ve-
locities are favorable for quenching because they enable a quicker
increase in supersaturation of the solution, which governs the ef-
fectiveness of quenching. However, when applying too high air-
flows, the film surface can become unstable and mass transfer
becomes more inhomogeneous.''13!] Interestingly, in many re-
ports based on gas quenching, the static gas pressure at some
point of the pressured air line before the nozzle instead of the air
flow rate is reported.[*7-22>2%¢] However, static pressure at a certain
position is highly dependent on the used air flow pipes leading to
and away from the measurement position as well as the nozzle
geometry.?’] Accordingly, Hu et al. report that the static pres-
sure changes when the gas nozzle is opened and reaches a work-

www.advenergymat.de

ing pressure value.[??’] Still, the pressurizing system and piping
typically vary from one laboratory to another.12’] So, equal static
and working pressure values in two different laboratories do not
necessarily correspond to an equal rate of air flow through the
nozzle. Therefore, it is good practice to measure air flow rate in
standard liters per minute by a mass flow controller.'!’]

Impingement Angle of Jet Onto the Solution Film: The im-
pingement angle can have a direct effect on the homogeneity of
mass transfer and the quenching effectiveness. For antisolvent
quenching, mostly angles equal (or close to) 90° are used such
that the jet impinges perpendicularly. However, when linearly
moving the substrate, the jet angle is very often tilted. In this way,
undesired pre-drying of the solution prior to the crystallization
onset is suppressed,['*! enabling rapid drying under the noz-
zle center while avoiding an early crystallization (see Figure 2e).
When varying the angle, it must be considered that shallow an-
gles may decrease maximum mass transfer in the center region.
Further, they can detrimentally impact the lateral inhomogene-
ity of the induced mass transfer.['"”] Mass transfer correlations
for tilted angles show that it is not possible to avoid any air-
flow in an undesired direction completely when using high out-
put gas velocities (unless by transitioning to a linear air flow
configuration)./117:264]

3.2.2. Linear Flow Quenching

Linear flow geometries have become more popular recently due
to the advent of vacuum-assisted quenching.['** In the highly
reproducible setup of (approximately) 1D flow over the sub-
strate (see Figure 3a,b), the air is extracted from one side of a
closed chamber and/or pushed into another side of the cham-
ber (in fact, complex flows in more dimensions can arise which
make reproduction of results challenging).?®®! Depending on
the magnitudes of influx and outflux, a pressure decay can be
achieved.l%141l The solution film is then dried by the induced
air stream that can be laminar or turbulent depending on its
Reynolds number.'*”] According to Sherwood correlations for
laminar (turbulent) air flows, the following parameters must be
specified:(**’]

Flow Geometry: In the case of a linear air flow, the geome-
try of the whole chamber used for quenching dictates the dry-
ing dynamics.!'**28] Further, the part of the sample where the
air flow impinges will experience the fastest drying.[1*32¢] Along
the direction of air flow, the evaporation rate decreases because al-
ready solvent-saturated air will dry the sample less effectively (see
Figure 3c¢). It is also possible that the shape of the substrate itself
impacts the air stream and the mass transfer. Therefore, it is ad-
visable to provide CAD drawings of flow chambers to aid in repro-
ducing the results. In vacuum(-assisted) quenching, one needs

permission of the authors, 2023. d) The parameters tip height (30 to 0.5 mm) and dispense speed/volume rate (50-300mul s~') that were shown to be
impactful in automatized antisolvent quenching. Reproduced from ref. [90] with permission from John Wiley and Sons, 2023. e) Showing the advantage
of shallow angle blowing when using a slot nozzle and high-pressure gas. By blowing at a shallow angle, the solution film is less influenced by the
drying air before the onset of quenching, where mass transport is exceptionally high. Reproduced from ref. [256] with permission from, Springer Nature
Limited 2023. f) An exemplary, fully defined jet-based quenching process (that is followed by an additional antisolvent process) as described in the work
of Ham!™4] et al. In their report, they describe the use of compressed air with varying flow rates from 5 to 30 L min~'. They further report that the air
nozzle was installed at a distance of ~60 cm, that the gap between the nozzle and the film was 5 cm, and that the dimensions of the air nozzle were 10
cm wide and 200pum thick. Reproduced with permission from ref. [144] Copyright 2021 American Chemical Society.
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Figure 3. Linear flow quenching with a) laminar and b) turbulent air flow. The most important parameters are the pressure, p, the air flow velocity
up and the geometry of the flow channel The magnitude of the Reynolds number determines the likelihood of the formation of turbulences.['] c)
Schematic of a drying front as produced by a linearly impinging air flow.["3] Reproduced from ref. [143], with permission from Elsevier. d) Depiction
of vacuum-assisted quenching by Abdollahi et al. They specify the time, the pressure decay as well as the input flow of N, during vacuum quenching,
noting for each point in time the crystallization onset. Reproduced from ref. [141] with permission from the Springer Nature, 2022. €) Demonstration of
gas-flow-assisted vacuum drying (GAVD). In the first case, the air is simply extracted at one side of the chamber, while in the second case, an additional
N2 supply increases the (undefined) gas velocity. Reproduced with permission from ref. [139] The Royal Society of Chemistry, 2021.

to take into account the additional complex interplay between Flow Velocity:  Just as in the case of impinging jet quenching,

the pump power and extraction rate, the pre-pumped pipe vol-
ume connected to the chamber, the chamber volume, the cham-
ber width and height in relation to the substrate size.l' All of
these aspects impact the (time-dependent) flow velocity, as well
as the time-dependent pressure decay inside of a vacuum cham-
ber when the nozzle is opened. Therefore, to reproduce vacuum-
assisted quenching, the pump model, the pipes leading to the
chamber, as well as the chamber geometry should be exactly
specified.

Adv. Energy Mater. 2025, e03187 €03187 (15 of 31)

the flow velocity at a certain distance over the sample (that is out-
side the hydrodynamic boundary layer) should be measured and
specified. For a linear air flow at atmospheric pressure, the flow
velocity can be measured by a hot wire anemometer, a pitot tube,
or, alternatively, by a mass flow controller at the input and/or
output. For vacuum(-assisted) quenching, the flow velocity de-
pends on a complex interplay of multiple factors: The strength
of the pump, characteristics of the valve opened to start the pro-
cess, the piping leading to the pump introducing potential dead
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volume already at low pressure and intentional or unintentional
leaks. In a vacuum chamber, it can be challenging to measure
the flow velocity directly, so the mass flow controller should be
the more practical option!'*!l — enforcing reproducible conditions
if the chamber geometry is correctly specified. Alternatively, the
drying dynamics of a reference material system can be measured
directly with optical in situ characterization, allowing for an indi-
rect determination of the apparent air flow.'* The impact of air
flow velocity during vacuum quenching is confirmed in multiple
instances! 1% 1391411 and is showcased in Figure 3d,e.

3.2.3. Natural Drying and/or Convective/Diffusive Quenching

Natural drying arising from convection and diffusion is present
in a variety of different forms in laboratories and factories (see
Figure 4a). The case where a film is immersed in a solvent re-
sembles this case (see Figure 4b).

For Natural Drying: Geometry and Ventilation of Laboratory or
Glovebox System: Reproducing conditions of natural drying is
challenging because, in practice, there is rarely an undisturbed
environment for natural convection. The latter can be influenced
by a multitude of factors, having different impacts according to
the frequency of the distortion.l*¢] Thus, well-defined natural
convection could only form in a sufficiently large, leveled box
of undisturbed gas that is isolated against vibrations from the
exterior. However, in closed glovebox systems, there are usually
moving parts (most importantly the gloves of the operator) in-
ducing vibrations and air movements over the sample, thus dis-
turbing natural convection. Likewise, when operating in a fume
hood, there is a net laminar flow (and potential turbulence) due
to air extraction. Conclusively, the setup corresponds rather to
a linear flow as described above instead of natural drying. Ad-
ditionally, laboratory safety standards enforce hard limits on air
exchange rates, producing net air flow within the whole labora-
tory. Consequently, it is very hard (if not impossible) to specify
natural convection in the laboratory in a way that is highly repro-
ducible. If natural drying processes are reproducible, it is most
likely the consequence of the choice of solution system such that
similar morphology is achieved in varying drying conditions!'*8
(see Figure 4c) However, even in this case, well-defined drying
conditions help to enforce a better consistency of the presented
results. To improve reproducibility, the air flow due to ventilation
in the room can be monitored or the response of the process to in-
tentionally altered drying conditions (e.g. by placing ventilators)
should be tested and/or reported.

For Antisolvent Bath: Vessel and Method of Immersing the Sub-
strate:  For antisolvent quenching by immersion of the sub-
strate, a similar problematic arises as is the case for the gas
quenching with natural drying. To implement natural convec-
tion and/or diffusion based antisolvent quenching, the substrate
must be immersed with the antisolvent or moved into the an-
tisolvent bath. Both procedures however induce a considerable
fluent flow within the bath or container the antisolvent is kept
in. In the case where the substrate is moved linearly through the
antisolvent,'*! the net flow might even resemble laminar flow.
In some reports, intentional (turbulent) flow is induced by stir-
ring the antisolvent,?”°l which most likely improves the repro-
ducibility (see Figure 4d). We conclude by stating that, whenever
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using antisolvent bathes and/or natural drying, videos of the ex-
periment might be especially helpful for reproducing the result.

3.2.4. Radiation/Thermal Quenching in One-Step Deposition

In addition to the above quenching methods, which cover al-
most the entirety of one-step device fabrication, there are some
quenching methods that are not described by mass transfer of
solvents alone. These methods include significant heat trans-
fer and/or other particle interactions such as the absorption of
incident radiation. We distinguish radiation-based and thermal
conduction-based methods!?’!] (see Figure 5a,b). Interestingly, to
describe radiation or thermal-based quenching, an analogy to im-
pinging jet-based quenching can be drawn. The parameters are
given by the type of irradiation (media used for quenching), ra-
diation source geometry (nozzle or radiator size and geometry),
distance and angle from the sample and intensity of emitted ra-
diation (flow velocity).

Kind of Radiation or Heat Source used for Quenching: The kind
of radiation or heat source used for quenching is crucial for this
methodology. The most common heat source is a hotplate onto
which the sample is placed. For this kind of heat source, it must
be considered that the substrate surface (as well as the substrate
back surface) can be uneven. This introduces an inhomogeneous
air gap between the substrate and the heat source. So, for achiev-
ing homogeneous heat conduction and consequently a homoge-
neous heat distribution over the substrate, it is of merit to con-
trol the gap between the heater and the substrate (which is also
important for the annealing processes later on). The most com-
mon radiation type involves photons in the infrared spectrum!2”?]
(see Figure 5c,d). This irradiation has, in essence, a very similar
effect to the heat-induced method, since these photons are ab-
sorbed quickly over a wide range of materials.[??] So, infrared ra-
diation is equivalent to a very localized heating that will quickly
dissipate by additional heat conduction into the substrate. Just
as thermal quenching, it may therefore combine quenching and
annealing in one single workflow step,['?%12] which has poten-
tial advantages for cost-effective manufacturing. In addition, IR-
annealing can be tweaked to a certain wavelength range cor-
responding to the excitation energy of the used solvents. An-
other example of radiation-induced quenching is plasma — in-
volving incident charged ions, electrons and photon irradiation
(see Figure 5e).151:%72] The radicalized ions, UV photons, and free
electrons strongly interact with the film surface, inducing heat,
but also directly vaporize, oxidize and/or radicalize the film sur-
face. In this way, plasma can be a catalyst for chemical reactions
(and in particular crystallization).127?]

Radiation Source Geometry/Heat Source Geometry: The geom-
etry of the used heat source cannot be neglected because it heavily
impacts the homogeneity of the temperature distribution. First
of all, the placement of the heat or radiation source relative to
the substrates must be specified because it can influence the di-
rection of crystal growth.[?”#] Typically, hotplates are placed un-
der the substrate, while infrared annealing is carried our from
the top downward. When using hotplates, it must be considered
that these often do not operate with homogeneous temperature
distribution, which becomes more pronounced the higher the
temperature increases. Therefore, it is good practice to specify
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(a)

Convection forming Convection forming
during natural drying during antisolvent bathing
Solution |

60 °C hot plate
I'—:rransf;r Ty i I '
150 °C hot plate Solvent evaporation

Schematic of fabricating high-quality perovskite
films by drop casting and natural drying

d
( ) Dipping in the antlsolvent
Remove the excess solvent|,"

High-quality perovskite films fabricated in a stirred
antisolvent bath captured before and after quenching

Figure 4. Natural drying a) and immersion of a substrate in an antisolvent b) resembling the situation in (a). There are no well-defined parameters
indicated because natural convection and diffusion can be influenced by many factors. In the ideal case, there are no parameters required except the
temperature of the medium (already specified in the general parameters) and the properties of the medium and the materials in the film. However, in
a real laboratory or factory setting, it is very likely that the surrounding medium is moving due the movement of the substrate or exterior influences as
indicated by the orange arrows. c) Perovskite films fabricated with natural drying by an optimized perovskite composition as demonstrated by Zuo et al.
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the hotplate manufacturer as well as the dimension and, in the
ideal case, capture the thermal distribution with a thermal cam-
era (see Figure 5d). In a similar way, each radiation source has
a specific directional profile of emission of radiation defined by
its geometry. For example, infrared light typically consists of a
bar-type symmetry including infrared mirrors. These are deci-
sive for the radiation intensity and direction impacting the thin
film. For plasma sources, the nozzle form and orientation of the
discharge chamber come into play as important parameters that
would need to be considered for describing it consistently (see
again Figure 5e).[151]

Outgoing Intensity of Irradiation/Heat Flux: The heat flux
onto the sample in contact with the hotplate is decisive for
the morphological transformation. It can be estimated from the
substrate’s and hotplate’s heat conductive properties and tem-
peratures or, alternatively, measured by recording the tempera-
ture change over time and fitting the corresponding differential
equations.**] When using radiation, the intensity, i.e. the mean
energy per unit area and time, is a very important parameter.
Typically, the incident intensity is not measured or known, but
rather specified indirectly by the distance over the sample (see
below). Only the intensity emitted by the used machine is spec-
ified (it is very important not to confuse the emitted IR inten-
sity with the electrical power of the heating elements). Due to
these considerations, a direct measurement of substrate temper-
ature over time via infrared cameras or temperature sensors is
advisable.

Distance of Radiation Source from the Sample/Distance of Heat
Source from Sample: The distance of the radiation source from
the sample is a very important parameter as the (divergent) ra-
diation intensity typically decays with increasing distance. At the
same time, the irradiated intensity might be more homogeneous
at larger distances. In addition, the drying dynamics can be im-
pacted by the distance, since the solvent vapor can build up under
the radiation source. Also for a hotplate, distance from the heated
surface is an important parameter.

Irradiation/Heating Time: When radiation or heat is used,
a crucial additional parameter is given by the radiation (or an-
nealing) time. Radiation and/or heat can alter the perovskite
film substantially even after the crystallization process is com-
pleted. The reason is that both irradiation and temperature pro-
vide energy to the particles inside the perovskite lattice, in-
ducing morphological restructuring and/or phase transitions.
These can be beneficial for the crystallinity and optoelectronic
quality of the thin films. However, when irradiating the sam-
ple for too long, it is possible that degradation might be-
come an issue for fabricating high-quality perovskite absorber
films.[123.150]

3.3. Two-Step Processing

Herein, we analyze the parameters crucial for two-step process-
ing, in additional to the general parameters introduced in Sec-

www.advenergymat.de

tion 3.1 (see again Figure 1). We distinguish two-step process-
ing further according to two different methodologies routes for
applying the AX solution. The most common method is the ap-
plication of the AX solution by (dynamic) coating (see Figure
6a,b). However, it is also possible to apply the AX solution by
immersion (see Figure 6¢). According to the intrinsic logic of
states and workflow steps introduced in Figure 1, we can auto-
matically deduce many process parameters from one-step depo-
sition that are required for two-step deposition. Below, we out-
line some particularities that need to be considered in two-step
processes.

3.3.1. Additional Parameters

Drying conditions of Lead Halide Layer: Equivalent to the jet-
based quenching (or laminar and natural drying) steps described
in Section 3.2, the drying parameters of the BX, layer can influ-
ence its film morphology.'®! (Alternatively, the lead halide layer
can be evaporated in the hybrid approach as vapor!***-1% or de-
posited from a spray or aerosol).[?>27¢] The morphology of the
BX, layer is just an intermediate step for the perovskite film fab-
rication. Similar to one-step processing, it has been shown that
porosity and surface coverage can be influenced directly by the
drying conditions.['>> 27772791 These are, in turn, crucial for the
diffusion of the cations into the lead halide layer, later on. If dry-
ing via an impinging jet or vacuum extraction is employed, we
use the same parameters described in Sections 3.2.1 and 3.2.2. It
is of utmost importance to know the structural quality of the lead
halide (BX,) film before applying the second step (AX solution).
The authors highly recommend to report on these intermediate
phase using optical and x-ray-based analytic methods for better
comparability.

Drying Time of the Lead Halide Layer: The longer the BX, film
is dried, the fewer solvent residuals remain in the thin film.[>#!
For example, due to the formation of Pbl,-solvent complexes,
solvent residuals can be intercalated!?®"! such that evaporation is
suppressed. Some solvent residuals can be desirable because they
facilitate diffusion of the cations into the layer later on.[281]

Annealing Parameters of Lead Halide (If Annealing is Performed):
After the first deposition, some groups perform an annealing
step of the BX, layer alone.?’* 28272841 This step can impact
the morphology of the obtained BX, film as dictated by the
temperature.l?®2] For details on the involved parameters, we re-
fer to Section 3.4 where the annealing of the perovskite layer is
explained. Again, just as for the perovskite annealing, the anneal-
ing time of the BX, can play an important role in the final de-
vice morphology. The longer the annealing is executed, the less
solvent residuals will remain within the BX, film. The morphol-
ogy formation of the BX,, layer can also be influenced by the sur-
rounding atmosphere and, in the same way, the hotplate geom-
etry. Thus, in case annealing is used, we obtain four additional
parameters for the annealing process of the BX, alone, just as
we find later for the annealing of the perovskite film.

Reproduced with permission from ref. [148] by Elsevier, 2023. d) Photos and pictogram of the antisolvent immersion method described by Huang et al.
In the supplementary, they provide a video of their method for making scalable perovskite thin films.[27%l They stir the antisolvent continuously, which —
in contrast to pure natural convection — induces a complex, forced flow of antisolvent over the thin film forming a boundary layer. So, strictly speaking,
the conditions for reproducible natural/diffusive quenching are not met. Reproduced from ref. [270], Copyright 2021 with permission from Elsevier.
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Figure 5. Infrared quenching a) with height over the substrate, d, the power, P, and the geometry of the radiator bars and thermal induced quenching b)
with a geometry, a distance from the hotplate, d, the hotplate temperature, T, on a hotplate. c) the work of Ling et al. This is reproduced with permission
from ref. [152] by JoVE and d) the works of Sanchez et al. Reproduced with permission from ref. [123] by Wiley and Sons, 2018. Both use well-defined
infrared-induced quenching. While they do not specify all dimensions in the experimental setup, they still measure directly the temperature effects of the
infrared radiation on the sample area.['?3152] |n this way, reproducible conditions are enforced that can be leveraged/compared when trying to replicate
their process. e) Rolston et al. demonstrate plasma-induced, rapid conversion of the perovskite absorber thin film. Reproduced from ref. [272], Copyright

2020 with permission from Elsevier.

Composition of Cation Solution: Evidently, when the second
step is carried out, the composition of the AX solution plays a ma-
jor role in describing the mass transfer of A-cations and X-anions
into the BX, film. At the same time, the properties and volatility
of the solvents employed of the second coating step have an im-
pact. For example, via the composition of the cation solution, the
PbI, to cation ratio can be optimized.[?®*! Therefore, the solution
composition of the cation solution must be specified.

Adv. Energy Mater. 2025, e03187 €03187 (19 of 31)

3.3.2. Coating of the Cation Solution

Coating and Drying Parameters: When the second step is car-
ried out, the environment and coating parameters dictate how
the AX layer will be deposited on top of the BX, thin film (see
Figure 6a,b). Typically, a solvent that does not dissolve the BX,
is used. This is why this step can be regarded as a separate coat-
ing process. The coating process dictates how much AX solution
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Figure 6. Two-step method with coating of the cation solution by a) blade coating and b) spin coating. c) Alternative method of immersion of the
substrate for two-step processing. d) Fully automatized two-step deposition with control routines as introduced by Zhang et al. control the following
process parameters of two-step processing with an automated device acceleration platform. Reproduced from ref. [82] with permission from Energy
and Environmental Science, 2024. e) Atmosphere and gas flow speeds of step one and step two, spin durations, pipette tip height and solvent dripping
speed. For every controlled parameter, they determine its impact on PCE and find that the dripping speed the second most impactful parameter directly
after the spin speeds. Reproduced from ref. [81] with permission from John Wiley and Sons, 2025.

Adv. Energy Mater. 2025, e03187 e03187 (20 of 31) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85UB017 SUOLUWIOD 3A 181D 3|l dde 8Ly Aq peuenol a1e sajolue YO ‘8SN Jo Sa|nJ 10} AeIq1T 8ULUO /8|1 U (SUORIPUOD-PUE-SWLBIAL0D" A IM ATeIq1jBulU0//SdNy) SUORIPUOD pue SWie 1 34} 88S *[5202Z/0T/60] U0 AkeiqiauliuO AB]IAN ‘D1jandey YaezD aueiyd0d Aq Z8TE0SZ0Z WUSe/Z00T OT/I0p/L0d" A8 | Im Afe.d 1jBul U0 'peoUeApe//Sdny wouj pepeojumod ‘0 ‘0v89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

is available for reaction within the BX, scaffold. Just as in one-
step processing, we define the coated wet film thickness as the
most important parameter from coating (or alternatively a full
disclosure of the coating and rheological material properties).
It must be considered here that, unlike in one-step processes,
the time of contact of the drop-cast AX solution prior to the
start of the coating process can also be impactful.[?®! This time
should therefore be specified, or minimized by the use of dy-
namic coating. Another critical factor is how long the film re-
mains in contact with the solvents and excess solutes of the AX
solution after coating.!?®®) Further, the AX solution can be dried
with enhanced air flow and/or elevated temperature and/or ir-
radiation, just as in gas quenching of one-step perovskite.[122] In
case these drying techniques are used, the corresponding param-
eters should be provided. So, according to the recurrent arrow in
Figure 1 pointing upstream, we can introduce additional work-
flow steps in the application of the second step, for example us-
ing impinging jet drying, laminar air flow or natural drying (in-
troducing 3,4,5 additional parameters respectively). We note that
there is a particularity of dynamic spin coating, where the appli-
cation of the second step can resemble the antisolvent quenching
in one-step processing (see Figure 6¢). Correspondingly, Zhang
et al. showed that the rate of solution ejection from the pipette
is decisive for the devices' PCEsl®!l (see Figure 6d,e). In the
schematic of Figure 1, it should therefore be discussed to treat
the application of the second step under the category of quench-
ing/drying and not as a coating step. A similar consideration ap-
plies for the bathing of a substrate in the cation solution. In this
light, it is recommended to report the parameters for the chosen
coating method as well as the corresponding quenching/drying
process.

3.3.3. Immersion in Cation Solution

Vessel Geometry, Reaction Time, and Stirring/Immersion Method:
When the second step is carried out by bathing the film in the
AX solution, it becomes important how long the BX, film is im-
mersed. With more immersion time, the A-cations and X-anions
have more time to react with the present BX,. Further, in anal-
ogy to the antisolvent by bathing method, the method of immer-
sion/stirring can play a vital role in these kind of processes be-
cause a flow within the AX solution can accelerate mass transfer
from the solution into the BX, film and vice versa. A good so-
lution to make the flow field within the bath more reproducible
is to use continuous stirring and capture a video of the whole
process.[270]

3.4. Final Parameters

To complete the perovskite morphology formation, some pa-
rameters come into focus that are important once the coating,
quenching and/or second step application is completed. We note
that annealing does not always coincide with the crystallization
of the perovskite. Rather, annealing should be seen as a final-
ization of prior perovskite formation from a possible mixture of
solvent, intermediate phases, and crystallites involving Ostwald
ripening, grain growth, nucleation, 190287288 where the chemi-
cal environment can play a crucial catalytic role.[¢* 289291 In case
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thermal quenching is used, some of the following parameters can
be omitted because the annealing and quenching are combined
in one single step.

Time to Onset of Annealing: The time between the last pro-
cessing step and the onset of the annealing process is important.
It can influence the composition, microstructure, and distribu-
tion of material of the thin film when the annealing process is
initiated.[33292293] When a delay is introduced, nucleation and
agglomeration can start prior to the onset of annealing, influenc-
ing the final obtained morphology.[2382%4]

Annealing Time: Since all chemical transformations as
well as mass transfer dynamics are time-dependent, the an-
nealing time plays also a crucial role during morphology
formation.[25-2%8 It is desirable to choose the annealing time in
way that maximizes the presence of the desired perovskite phase
as compared to degraded phases such as Pbl1,12%>?7] to minimize
pre-mature material degradation as well as the formation of un-
desired phases.[299-301]

Annealing Temperature: Annealing temperature is one of the
driving factors for opto-electronic quality of perovskite thin
films.[118:302-399] All material diffusion parameters, as well as crys-
tallization dynamics are highly temperature-dependent because
temperature determines the average energy that a species has
at its disposal for undergoing phase changes and chemical re-
actions. Concluding, it can be decisive for the resulting crystal
structure,373%!] phase composition, and stoichiometry.[3*! Fur-
thermore, a higher temperature also promotes the evaporation
of volatile species at the film surface which can have a tangible
impact on the film morphology at the end of annealing. As stated
above in the section on heat-induced quenching, the temperature
distribution of the used hotplate should be measured. It is ben-
eficial to define the gap between the substrate and the hotplate
exactly.

Annealing Atmosphere Composition and Temperature: During
annealing, an exchange of mass through the film surface with
the surrounding atmosphere becomes possible.[31%311] This mass
exchange can occur in two directions. For one thing, humidity as
well as oxygen can diffuse through the film surface into the film.
For another thing, the opposite of the above processes is possible
with additional solvent or cation salt residuals as well as halides
being able to leave the film surface. The higher the annealing
temperature, the more pronounced will be the process of volatile
components leaving the film as compared to the inverse process.
It is however also possible that the presence of humidity acts cat-
alytically, opening new routes of chemical reactions or crystalliza-
tion pathways through intermediates!>*! and thereby influencing
the forming morphology.>*312] Further, the higher the temper-
ature difference between the ambient air and the hotplate, the
more pronounced the convective air flow over the hotplate area
will be. This can accelerate the mass transfer in both directions
further.

4. Overview Survey on Reporting Frequency of
Process Parameters in Literature Domains

As demonstrated above, the process parameters of perovskite so-
lution deposition open a multidimensional space for process con-
trol and optimization. The parameters described in Table 1 are
relevant and required because 1) they were proven to have an
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impact on perovskite film quality (see last section) and 2) pilot
studies have shown the great relevance of such data for reducing
variance of device performances and optimizing the vast avail-
able parameters space.[81839993] To illustrate the frequency of re-
porting of process parameters in state-of-the-art research reports,
we conducted a small overview survey (see Supplementary Note
2 for sources and Tables S3-S6, Supporting Information for de-
tailed data). The survey focuses on three important domains of
research: 1) high-PCE PSCs fabricated with the one-step process
(55 reports) 2) high-PCE PSCs fabricated with the two-step pro-
cess (32 reports) and 3) state-of-the-art large-area perovskite mod-
ules fabricated by a one-step process (57 reports). Tables S5 and
S7 (Supporting Information) list the corresponding references
investigated in the survey. The tagging follows the convention:
“yes” if a parameter was specified within the device fabrication
section, “triv.” if trivially specified (that is to say to an educated
reader it is clear what the parameter value was, for instance, dur-
ing antisolvent quenching, the pipette is held in a 90° angle):,
“ind.” if indirectly specified (the parameter is not explicitly spec-
ified, but in defense of these reports, we cannot rule out the pos-
sibility of estimating/deducing the parameter by doing extensive
research: for instance, deducing the nozzle size from the used
pipette tip type or model of the used air gun), “inc.” if incom-
pletely specified (for example, if the atmosphere type is specified
as ambient, but humidity is not reported) or “no” if not speci-
fied/mentioned. If a certain parameter was not required for the
used processing or quenching method according to the evidence
presented above, it is annotated as not defined “n.d.”. Figure 7
contains a summary of the results of the survey. For every pa-
rameter, we list the percentage of reports specifying it correctly.
For this analysis, we count the number of reports that specified
(and indirectly/trivially specified) the respective parameter and
divide the result by the number of reports, in which the param-
eters must be specified (provided above evidence for the chosen
processing method). We note that, according to literature analy-
sis above, all of the listed process parameters affect the perovskite
morphology. Hence, the missing percentage of reporting of a pa-
rameter correlates with the potential for improving process repro-
ducibility by controlling this parameter in the future. This does
not mean that the parameter is not implicitly controlled when it
is not reported. However, if a parameter is reported frequently, it
is very likely controlled by most of the groups. Further, as men-
tioned above, the reporting of a parameter facilitates the repro-
duction of results in a different laboratory.

Regarding the results for high-PCE devices fabricated with
one-step (top plot in Figure 7), we find that the specification of
parameters in the literature varies by a great amount. Some pa-
rameters are (with unique exceptions) almost always reported,
while some other parameters are almost never reported. Overall,
we find a “specification gap” of ~#36% considering the parame-
ters listed herein. Starting from the solution composition which
was reported in all of the investigated reports, a steady decrease
in the likelihood of reporting occurs for the remaining param-
eters sorted toward the right of the figure (we sorted the pro-
cess paramters by their occurence in reports). This hints at an
implicit agreement between researchers that some parameters
(starting from the solution composition up to the nozzle size pa-
rameter) must always be specified in reports on PSCs. The agree-
ment weakens consecutively for the parameters on the right of
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the nozzle size parameter and finally reach occurrences below
1% of reports for the distance of the nozzle during quenching.
The reason is, most-likely, a mimicry effect. New reports use the
same set of descriptive parameters as in previous publications
— out of which early and high-impact works get priority. So, if a
certain parameter was provided in one of these landmark works,
it was adapted in most of the community (also the opposite is
true). Out of the general parameters, the solution handling and
resting time, the substrate size and temperature, as well as the
atmosphere composition and temperature, are the ones where
most potential in specification exists. Interestingly, especially the
parameters of mass transfer during the quenching process, that
is nozzle distance and output velocity (or ejection rate), are highly
underspecified. For antisolvent quenching, the only quenching-
specific parameter that is frequently reported is the used antisol-
vent volume that gives limited information about mass transfer.
So, it is a considerable possibility that the use of different pipette
tips, the distance from the sample and the rate of ejection (veloc-
ity of antisolvent) account for a huge fraction of the issues with
reproducing this very common fabrication process. This is un-
derlined by the fact that automation of these processes reduces
the variation in the device performance.8!82] Therefore, in regard
to the evidence summarized above, we highly recommend to ex-
tend and strengthen the already existing consensus (or standard)
to the remaining parameters described herein in accordance with
the updated TFSCO. Closing the gap of the control and report-
ing of parameters could lead to a considerable increase in repro-
ducibility of processing routines across different laboratories.
When comparing the one-step processes of small-scale PSCs
to those of one-step fabrication on large-area devices with simi-
lar quenching methods (see Figure 7 middle plot), we find that
there is a similar trend between very frequently (that is implic-
itly standardized) process parameters and not frequently reported
parameters. There are however slight differences. While about
half of the parameters are provided in almost all cases, sensibly,
the substrate size is stressed more in reports on large-area PSC
fabrication (Substrate size is however not very often provided for
small-scale PSCs). The specification gap of #38% is not signifi-
cantly higher than in the one-step small-area PSCs. Additionally,
the nozzle size and the time to annealing are less often reported.
The reason is that large-area fabrication is carried out more of-
ten in close-to industrial conditions, where gas quenching out-
side the glovebox is used as opposed to antisolvent quenching
in glovebox.[313! Further, the annealing process is not necessarily
carried out instantly after coating. Regarding the results obtained
for high-PCE two-step processing of small-area PSCs (see bottom
plot in Figure 7), a similar gap in reporting can be found as for
the one-step processed PSCs (again ~34%). Interestingly, the an-
nealing atmosphere of the second step is specified with a much
higher likelihood than that of the first step. The reason is that the
second step is often carried out under ambient atmosphere with
measured humidity, while the atmosphere in which the first step
was processed is underspecified. In addition, the time of sample
transfer between the coating and the annealing of the second step
is underspecified. This is most likely because it is started as soon
as possible after the coating process. More precise language (or
a video of the fabrication) could help to clarify remaining differ-
ences between processes. We further investigated the correlation
between the publication date and the number of citations with the
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Figure 7. Percentage of reports specifying the respective parameter within the device fabrication section, supplementary or main text of (top) one-step
devices (middle) large area devices with one-step fabrication and (bottom) two-step devices. The label “specified” means that a parameter is specified,
indirectly specified or trivially specified. The label “unspecified” means the parameter is not specified or incompletely specified. (parameters who do not
apply to a certain publication are not counted). Parameters are sorted according to occurrence in one-step processes. Parameters that do not apply to
the respective method are left blank. The total specification gaps (total ratio of red to blue area) are 35.5% (one-step), 37.9% (large-area) and 34.1%

(two-step) respectively.

completeness of parameter specification (see Figures S1 and S2,
Supporting Information). In every case, the obtained correlation
coefficients were below 0.25 indicating no significant correlation
given the limited size of the dataset and the randomness of data
selection. We conclude that, up to this point, the impact of a re-
port is not linked to its completeness in specification of process
paramters. Furthermore, there is no trend toward higher specifi-
cation over time yet. By pointing out this open potential, we hope

Ady. Energy Mater. 2025, 03187 e03187 (23 Of31)

to see an improvement in the quality of experimental descrip-
tions according to the here-provided guidelines in the future.
5. Conclusion and Outlook

Perovskite PVs have experienced immense improvements in de-
vice performance and stability within recent years. Researchers
can be proud of initiating the innovative optimization process
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of perovskite device fabrication. However, now that high in-
dustry adoption is projected, perovskite researchers working in
academia should consider prioritizing fundamental analyses on
perovskite processing through control and rigorous reporting
over attempting to compete with industry on technological per-
formance indicators. In this review, we shed light on the ques-
tion of which process parameters impact perovskite morphol-
ogy formation and thereby which conditions must be specified to
achieve superior process reproducibility. We categorize common
perovskite processes according to one-step or two-step routes
and, as a subcategory, the involved mass transfer processes. Fur-
ther, our overview survey on one- and two-step highly efficient
devices as well as large-area perovskite devices demonstrates that
there is already an implicit standard as to which parameters are
reported by researchers. We propose that this standard should be
extended by some additional, impactful parameters. A straight
forward option is to use a scientific data management software
systems implementing the thin-film solar cell ontology such as
NOMAD. Furthermore, journals should consider requesting a
mask of a minimum set of parameters to be provided for a work
such as the table provided with this work. Lastly, we want to stress
that these results also mirror the quality of reporting of our own
publications and that closing the outlined specification gaps is a
community effort.

We conclude that the completeness of the device fabrication
section should be a priority in the future, as it is the most impor-
tant resource for reproducing the results. Our structured table
of parameters referenced to the perovskite ontology could be a
first step in the right direction. In our view, we gave sufficient
evidence for the need to control either of the presented parame-
ters. Further, pilot studies have already shown the positive impact
of automated parameters control. Better reporting and control
of parameters will lead to more reproducibility for everyone in-
volved in the device fabrication process, potentially saving large
expenses in re-optimization. Device fabrication remains a mul-
tidimensional optimization problem. If one parameter is con-
trolled or optimized, it does not mean that the determined op-
timal value will remain the ideal choice, when a different param-
eter changes. This fact underlines the great merit in enforcing
completeness by standardizing and reporting process parameters
in a machine-readable way. By increasing standardization, con-
trol and publishing of metadata, machine learning can leverage
the available data to predict new fabrication guidelines from au-
tomated optimization. This can free up substantial financial and
human resources that were previously devoted to re-optimizing
parameter spaces. Further, the creation of digital twins is facili-
tated, and data can be reused more easily. To give a concrete exam-
ple of implementation and industrial transferability, a research
laboratory using smaller-scale table-top coating equipment can
be connected to an ELN system storing their real-time device op-
timization parameters alongside key performance indicators in
a database for exploration. These data can then be directly ex-
ploited in large-scale fabrication lines by enforcing similar pro-
cess parameters in these larger coating and drying systems. An-
other application is in-line optimization of film properties from
automated agents that have the proposed parameter table as an
ontological knowledge base. Agents can further assist the labora-
tory workforce by giving new ideas or incentivize the execution of
new experiments. They can also query operators to fill indisclose
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the required parameters of a successfully conducted experiment.
We strongly encourage the community to establish a properly de-
fined standard for the description of perovskite fabrication, ide-
ally on the bases of the thin-film solar cell ontology, that extends
beyond the implicit mimicking of top-cited reports. In addition to
the specification of process parameters, optical and x-ray of inter-
mediate and final film quality augment the control of perovskite
solution processes. It is unclear whether or when scientific jour-
nals will require digitalization of experimental descriptions as a
precondition for publication. We hope that this review marks a
starting point for initiating a discussion on standardized, repro-
ducible reporting of perovskite fabrication.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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