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Spatially Regulated Gas Flow Control for Batch-Drying of
Large Area Slot-Die-Coated Perovskite Thin Films
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Faranak Sadegh, David B. Ritzer, Bahram Abdollahi Nejand, and Ulrich W. Paetzold*

Innovations in scalable fabrication processes are pivotal for transferring record
power conversion efficiencies (PCEs) of spin-coated perovskite/silicon-based
tandem solar cells (TSCs) from the laboratory scale to full-size photovoltaics. In
this regard, the homogeneous large-area drying of precursor ink wet films poses
one of the major hurdles. Gas-assisted drying by linear high-pressure slot jets
comes along with an inhomogeneous flow field, causing unwanted backflows,
non-uniform drying patterns, and strong inhomogeneities at the sample edges.
In response, it is demonstrated i) a new 2D comb-nozzle (CN) drying technique
that improves the homogeneity of drying processes and, ii) an adjusted strategy
to fabricate high-quality 2-step slot-die (SD)-coated triple-halide perovskite
thin films. Remarkably, homogeneous and pinhole-free large-area SD-coated
perovskite SCs fabricated is demonstrated with all scalable techniques reaching
up to 19.6% with enhanced mean PCE-yields of 90% (compared to 62% with
slot-jet drying). Consequently, the CN drying method is employed for a material
composition suitable for tandem applications (E, ~1.68 eV). Particularly,

the reproducible fabrication of TSCs with PCEs up to 24.6% on large

areas with homogeneous PCE variances of +0.7%,, . imply high homogeneity

1. Introduction

Next-generation photovoltaics (PVs) en-
compassing new semiconductor mate-
rials experience a great interest in re-
search and industry.'>] Perovskite so-
lar cells (PSCs) are one of the most
promising emerging thin-film technolo-
gies and have shown impressive tech-
nological development in the last 15
years. In 2023, PSCs reached power
conversion efficiencies (PCEs) compa-
rable to established crystalline Si so-
lar panels due to the outstanding op-
toelectronic characteristics of the hy-
brid organic-inorganic perovskite semi-
conductor materials.[®”] These character-
istics include short absorption lengths,
long charge carrier diffusion lengths, de-
fect tolerance as well as their bandgap
tunability, and the ease and potential

during the coating and drying process and confirms the importance
of systematically controlled drying within an optimized 2-step process.
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of fabrication by solution-based deposi-
tion techniques.®1% In addition, PSCs
synergizing with silicon PV in tandem
configurations using low-cost production
hold great potential for the solar energy
industry.”] However, to date, scaling up the device production
without losing in performance remains a major hurdle.

Therefore, upscaling the deposition of homogeneous high-
quality thin films to large areas (> 100 cm?) without perfor-
mance loss using industry-relevant deposition techniques, is a
research topic of utmost importance.[>!-1*] The present work
addresses the drying of solution-processed scalable hybrid per-
ovskite thin film depositions, namely inkjet printing, blade coat-
ing, and slot-die coating (SDC), exemplary with the SDC tech-
nique. SDC is a pre-metered coating technique, during which
the precursor solution transferred to the substrate is controlled
by a supply system, achieving a precise, uniform deposition of
a wet thin film within a certain thickness. It has a high flexibil-
ity regarding the range of processable solution viscosities, a high
material efficiency, and is compatible with industrially relevant
roll-to-roll (R2R) production.'>!¢) Therefore, SDC is considered
one of the most versatile techniques used for coating by solution
processing.['*1617] Altogether, SDC promises scalable, material-
and cost-efficient deposition of perovskite thin films on a wide
range of substrate types.[101817]

Upscaling losses in solution-processed perovskite PV mod-
ules still remain high compared to concurrent thin-film modules
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involving similar architectures, even considering inevitable scrib-
ing losses during large-scale fabrication.”!®] Losses due to in-
homogeneity occur, especially on sample edges, due to entan-
gled stages of drying, nucleation, and grain growth.l"”] The rea-
son is that the morphology formation and thickness evolution
are more complex to control during the perovskite thin film for-
mation compared to centrifugal force-regularized spin-coating
processes. Due to the higher solvent content and increased dry-
ing time in these wet thin films, complex fluidics, drying, and
crystallization dynamics of perovskite solution thin films are
more present in scalable depositions.[?) Consequently, the im-
pact of drying-related transport mechanisms and phenomena,
such as the coffee ring effect is magnified in these thicker thin
films, challenging the sufficient control of the drying process.
The diminished control during drying often results in inhomo-
geneous fluid dynamics, concretely causing unwanted backflows
and severe edge effects. Moreover, inconsistently distributed dry-
ing rates create ununiform drying patterns with different lat-
eral properties.[?!] Altogether, this causes low operational stabil-
ity when fabricating larger areas.[?"1% Therefore, the most chal-
lenging part of upscaling PSCs is not the deposition itself, but
the precise drying of a perovskite thin film, resulting in a ho-
mogeneous thin-film morphology over a large area and is, to
date, a subject of current research, e.g. to advance to tandem
technology.??]

As a consequence, the major challenge of solution-processed
large-area thin-film fabrication is selecting the most suitable
quenching and drying technique. The desired properties of
such a thin film include full surface coverage without pin-
holes, low roughness, high crystallinity, and low density of
grain boundaries.[?3?%1 Three methods are widely applied — vac-
uum, antisolvent, and gas-assisted quenching.[**!*l Gas-assisted
quenching and drying is a facile, reproducible, low-cost, and
easily transferable technique, therefore holding great potential
for applications of highly efficient large-area PSCs as recently
demonstrated on slot-die coated wide-bandgap perovskite PV by
Matondo et al.1224252%] Thereby, the essential role of the gas
quenching treatment is achieving a smooth and compact per-
ovskite film by controlling the nucleation rate which could be
lately validated via in situ optical spectroscopies integrated into
a doctor-blading setup facilitating real-time monitoring of thin
film formation during the gas-quenching process.l”’”] A current
review from Azhar et al. emphasizes its potential to become the
preferred method for industrial PSC production in highlight-
ing the performance benefits, environmental impact, and com-
mercial scalability of gas quenching.[?®] Recent advances in gas
quenching are shown during spin coating as the innovative uti-
lization of methylamine, propylamine hydrochloride, or addi-
tional ultrasonic-assisted processing combined with gas quench-
ing to enhance the grain size of the perovskite film, reduce
grain boundary defects, and suppress carrier nonradiative recom-
bination, improving carrier extraction and transport.[?%3931] Fj-
nally, very recent advancements of gas-assisted drying on slot-die
coated devices are shown by Duarte et al. via additional heating
of the substrate, creating a temperature gradient that suppresses
vertical crystal growth, promoting smoother, horizontal growth,
and, therefore, resulting in better surface coverage.l') Our prior
studies focus on the understanding of gas-assisted, controlled
removal of solvents as a promising scalable fabrication method
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to fabricate high-efficiency cells without the costly and complex
handling of antisolvents and vacuum-induced quenching.[1%-32-34]
In a nutshell, we showed that controlled and promptly induced
nucleation-rich drying is crucial to achieve high PCEs for large-
area solution-processed multi-cation perovskite thin films by
in situ monitoring of the morphology formation of 1-step pro-
cessed perovskite thin films underneath a single narrow slot
jet.2#34 We further validated that there is a specifically high
solvent mass transfer needed at the lateral positions where the
wet thin film passes the critical solute concentration to remove
the solvent promptly, inducing rapid drying and high nucleation
rates.[112533736] Such a high mass transfer is provided only directly
underneath the slot jet.3”38] To date, we have achieved one of the
lowest absolute upscaling losses for SD-coating (—0.66%,,,/dec.)
with this methodology. However, the high-pressure, 1D tech-
nique still comes with inhomogeneous gas dynamics causing flu-
idic backflows, ununiform drying patterns, and especially unin-
tentional severe drying effects on the edges, because of complex
disturbances of the gas flow.340]

Regarding these drawbacks, part of our solution is reducing
the sufficient mass transfer, leveraging on the knowledge that
mass transfers for quenching of 1-step depositions are signifi-
cantly higher than for 2-step methods. 2-step routes provide reg-
ular perovskite thin film crystallization on a laboratory scale in
several prior works.'3#1:42] The methodology of first, depositing
inorganics and second, organics as separate precursor solutions,
needs a significantly lower mass transfer during gas-assisted dry-
ing and therefore allows to “only” homogeneously remove a high
amount of low-boiling point solvents after the second deposition
step. In addition, greater flexibility in perovskite composition and
solvents complements facilitating high-quality large-area solu-
tion depositions such as SDC.[1%1*4143] [n 2020, two-step sequen-
tial blade-coating was employed for the scalable fabrication of FA-
based perovskite solar cells from ~0.1 cm? devices (20.49%) to
100 cm? modules (13.32%) in a work of Zhang et al. The research
group facilitates the self-formation of regular nano-porous struc-
tured PbI, thin films during blade-coating with a non-volatile sol-
vent having strong coordination and low solubility with Pbl,. Fur-
ther, they developed a proper perovskite seed-assisted growth to
improve the crystallinity, altogether effectively converting the pre-
cursor material system to black phase perovskites.[**l Recent ad-
vancements in two-step coating methods for perovskite fabrica-
tion can be leveraged in the works of Chang et al., introducing the
additive methylammonium chloride (MACI) in the second step to
modulate the crystallization and orientation of a two-step sequen-
tial doctor-bladed perovskite thin film in ambient conditions.[*!
Another research by Chang et al. provides a strategy for construct-
ing a high-performance interface bridge between tin oxide SnO,
and the perovskite thin film. They encounter the problem that de-
fects are distributed at the buried interface by incorporating 2-(N-
morpholino)ethanesulfonic acid potassium salt (MESK) as the
bridging layer between the SnO, electron transport layer (ETL)
and the perovskite thin film deposited via scalable two-step depo-
sition, demonstrating that MESK can passivate trap states of Sn
suspension bonds.[*°!

Given the extensive innovative research studies, this work also
focuses on 2-step processes as a promising route to fabricate uni-
form and high-quality perovskite thin films as well as on the cru-
cial precise drying on the large area without needing high mass
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transfers for scalable industrial fabrication lines as elaborated
priorly.

In response, we adjust a previously proposed drying system
for 2-step processed perovskite thin films. The system adapts a
concept developed before in other contexts by Cavadini et al.[*7#]
The CN dryer controls the challenging gas flow over a 20 x 20 cm?
nozzle array of impinging hexagon-shaped jets purged with inert
gas (gas outlets) surrounded by suction holes (gas inlets), such
that precisely defined drying rates are established. We compare
the results of dried perovskite thin films with more conventional
slot jet drying which provides one high-pressure nozzle and in-
vestigate the dependence of the perovskite drying and crystal-
lization on the local gas flow. The present work focuses on the
control and influence of drying rates over the 2D area, pushing
large-area homogeneous drying processes for different material
systems of SD-coated 2-step deposited triple-cation (MA, FA, and
Cs) perovskite thin films. The consistent evaluation of the mor-
phology formation and PCE yield leads to crucial and concrete
rectification work on the drying procedure, finally resulting in
the successful fabrication of scalable SD-coated gas-assisted dried
(tandem) SCs and modules with only minimal upscaling losses.
Particularly, perovskite/silicon tandem devices with PCEs up to
24.6% and homogeneous PCE distribution (+ 0.7% ,;, ) without
discarding any part of the original substrate, confirm the impor-
tance of a systematically controlled drying technique within the
optimized 2-step process. Validating the advantages of a system-
atic, 2D, and flow-optimized gas-assisted drying system, this is a
cornerstone preventing expensive brute force optimization.

2. Results and Discussion

2.1. The Way to Comb Nozzle Drying

To investigate the perovskite morphology processed with a novel
drying system on large areas (i.e., >100 cm?), we present a
unique setup to define precise process parameters (e.g., gas
speed, mass/heat transfer, and drying height) and compare the
associated perovskite thin film quality with commonly used slot
jet drying (Figure 1). The main advance lies in the precise dry-
ing conditions being defined via a movable dryer hood with a
20%20 cm? nozzle array pattern consisting of hexagon-shaped
jets (gas outlets) surrounded by suction slits (gas inlets). Thereby,
the equally distributed gas inlets ensure local removal of the dry-
ing air to adjust heat/mass transfer coefficients.

The perovskite absorber layer is processed in a 2-step process
from solution via SDC (Figure 1a,b). The 2-step route generally
includes the subsequent deposition of first, the Pb-containing
precursor materials and second, the organic cations feasible in
low boiling point solvents. Details about the specific 2-step pro-
cessed precursor material composition and SDC parameters can
be found in the experimental section. The Pb-containing pre-
cursor solutions (inorganic layer) are additionally altered by a 5
vol% L-a-Phosphatidylcholine (a-LP) solution, increasing the ad-
hesion of the inorganic inks to the underlying charge transport
layer.!*”] Furthermore, the surfactant a-LP suppresses the solu-
tion flow (and therefore, directional movement of particles) to-
ward islands of dried material, altering the fluid drying dynam-
ics, and leading to a uniform, yellow-transparent layer (see exper-
imental section). After the second deposition step, the resulting
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wet film is — as a reference — dried with a single narrow slot jet of
10 cm width, height H,, angle g, slot width by, = 50 um, gas flow
rate u, and drying velocity v, (Figure 1c,e and a more detailed
schematic are shown in the Supporting Information, Figure S1).
In regard to the fluidic distribution, given a suitable wettabil-
ity, the most consistent homogenous drying results are provided
when the gas backflow can be reduced (Figure 1e, marked in red).
As aresult, we improved gas backflow prevention by setup adjust-
ments in a prior work, in order to enlarge the optimal area for a
1-step route.?*l According adjustments result in the minimized
gas backflow for the presented setup and mainly include an in-
creased overlapping of the slot jet lips (0.5 cm), exact control of
the angle p (15 °), and optimal distance of the drying slot jet Hp
(0.3 cm) toward the substrate (optimized on a slot width of 50 um,
indicated in Figure 1e).3*l The optimized drying process parame-
ters and mechanical adjustments for unobstructed gas flows can
be employed to the 2-step route of the current work and are only
slightly adjusted by changing the gas flow rate u, and drying ve-
locity v, for the respective material system. Nevertheless, a certain
proportion of the gas backflow is inevitable, due to disturbing,
but important functions and thereby difficult to eliminate compo-
nents in the nozzle. Additionally, the inside contour having edges
and certain radii of curvature inducing stalling and turbulences
of the gas flow as well as the tendency of air flowing from high to
low pressure regions induce turbulent gas backflows.[3%*% These
factors can lead to severe edge effects, and fluidic backflows by
pushed-back wet films and dried thin films with different lateral
properties and are, to date, a major challenge.

As a response to control the drying and crystallization dy-
namics of the SD-coated perovskite wet thin film, we propose
a comb nozzle (CN) drying technique for SD-coated 2-step pro-
cessed triple-halide perovskite absorbers with gas in- and out-
lets (Figure 1d). Regarding industrial drying methods, arrays of
round or slot nozzles suffer from large deviations of the local
heat and mass transfer coefficients in lateral directions. Due to
the complexity of the formation of polycrystalline perovskite thin
films from the precursor solution, mentioned in the introduc-
tion above, efficient strategies for process transfer require ad-
vancing the precise control of drying rates. We demonstrate the
deployment of homogenous drying with sufficient drying param-
eters, which obtain the intended crystallization but still do not
disturb the high-quality homogeneity. Specifically, drying condi-
tions are defined via a 20x20 cm? nozzle array pattern consist-
ing of hexagon-shaped jets (gas outlets) surrounded by suction
slits (gas inlets) for the local removal of the drying air to adjust
heat/mass transfer coefficients (Figure 1f and a photograph of the
comb nozzle (CN) dryer hood is shown in, Figure S2, Supporting
Information). Latter heat/mass transfer coefficients are figures of
merit for the solvent removal on the sample surface and are pri-
orly validated.[*#850-51] Drying rates are precisely controlled with
aheight H, in the range of 8 to 24 mm, a drying gas temperature
T,y in the range of 40-100 °C and ejection of the GB inert atmo-
sphere with heat transfer coefficient ay up to 124 W m=2 K- (at
8 mm) which range is dependent on Hy. During this work, the
drying temperature of the movable table Tj is always adjusted
to the corresponding drying gas temperature Ty .[**¥] First, nu-
merical optimization was performed on the pattern of the ar-
ray of impinging jets and its supply system. Second, the result-
ing design was validated and characterized through experimental
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Figure 1. Schematic of first, slot-die coating (SDC) inorganics a), a heating step (3 min @ 70°C) and second SDC organics b) using two respective
velocities v, ; and v, , with subsequent dynamic gas-assisted slot jet drying c) with drying velocity v,. Drying is performed with a thin oblique impinging
slot jet dryer at height. Hp, with a slot width of 50 um ejecting nitrogen with a gas flow rate u e). Schematic of the novel, alternative drying system, comb
nozzle (CN) drying method is shown in d). The drying conditions are precisely defined via a 20 x 20 cm? nozzle array pattern consisting of hexagon-
shaped jets (gas outlets, red) surrounded by slits for the local removal of the drying air (gas inlets, blue). This methodology allows to precise control of
drying rates via a height. Hcy, a gas temperature Ty, ejection of the GB inert atmosphere with an adjustable heat transfer coefficient acy f), the latter
being a figure of merit for the solvent removal. The formation of the perovskite thin film during gas-assisted drying is optimized for both alternatives,
resulting in visibly similar homogeneous, pinhole-free perovskite thin films shown in photographs g, h). Inhomogeneities due to accumulated solution by
the gas backflow of the slot jet and edge effects are marked in Figure 1g (hatched in red and green, respectively). Microscopic morphological differences

are discussed in section 2.3.

testing as well as already utilized in other experimental contexts
by Kumberg et al.[#/485051] The specific in-house CN dryer system
of this work is inhabited in an in-house Glovebox system, mean-
ing the drying circle is fully integrated in the inert atmosphere.
During this work, the CN drying parameters are — iteratively with
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perovskite precursor solution systems — optimized for controlled
gas-assisted drying of perovskite absorber layers (Figure S3, Sup-
porting Information). The drying nozzle height allows the exten-
sion of the optimal drying regime providing the mass transfer
threshold for 2-step processes without leaving unwanted lateral
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patterns on the perovskite thin film layer (Figure S3 (Supporting
Information) — height variation). Furthermore, herein, CN dry-
ing can be subdivided into two steps. First, a predrying driving
step, while the substrate with the soaking wet film is driven with
maintaining v, , underneath the CN dryer. While driving under-
neath the CN hood, the CN dryer is switched on in the respective
stationary drying conditions, leading to homogenous drying con-
ditions (driving smoothens out the rest of the hexagonal pattern)
while most of the IPA evaporates. Afterward, the rest of the so-
lution is dried stationary for several minutes as a second step.
The parameter optimization of both alternatives, slot jet, and CN
drying, results in the formation of dark, specular reflecting per-
ovskite thin films during gas-assisted drying and results in ho-
mogeneous, pinhole-free perovskite thin films with slightly visi-
ble alterations as depicted in Figure 1g,h. Inhomogeneities due
to accumulated solution by the gas backflow of the slot jet and
edge effects are marked in Figure 1g (hatched in red and green,
respectively). After slot jet drying, even to the bare eye, a distinct
transition of thin-film morphologies is visible. In the beginning
and at the edges, the thin film appears diffusely reflective, occa-
sionally yellow, then transitions into a dark, specular reflecting
area, and finally a dark gray diffuse area is visible coming along
with a higher thickness (Figure 1g). During CN drying, the delay
of the drying and pushed-back liquid can be fully avoided, provid-
ing a distinct transition of thin-film morphologies to an extended
dark, specular reflecting area. Dark gray diffuse edges are visible
only at the far ends of the substrate (Figure 1h).

2.2. Optoelectronic Performance Heatmap

A precise optoelectronic comparison of the two drying ap-
proaches reveals significant distinctions, validating the different
morphological qualities in section 2.1. Specifically, we investigate
the coating of a substrate (100 X 100 mm?) at a coating velocity of
6 mm s~! for both steps of the triple cation precursor solution (for
further details, see experimental section) and at a PCE-optimized
drying velocity of 1.5 mm s71, a nozzle height of 0.3 cm, an angle
of 15° and gas flow rate of 32 m s~! during slot jet drying. We
compare the results to a PCE-optimized CN drying with height
Hcy = 10 mm, drying gas temperature T = 80 °C, and heat
transfer coefficient ey = 110 W m~=2 K! for 5 min. The height
is optimized maintaining the maximum mass transfer without
leaving comb-shaped patterns on the substrate. The temperature
is regulated such that fast drying is provided. However, increas-
ing the temperature further will increase the crystal growth rate,
which has an adverse effect on obtaining nucleation-dominated
morphologies. Reaching faster drying conditions, one alleviating
strategy can be the usage of even lower boiling point solvents.
Since these evaporate faster, nucleation gets more dominant to-
ward crystal growth compared to high boiling solvents, even at
lower mass transfer coefficients. The maximal heat transfer coef-
ficient of %120 W m~2 K~! experimentally required during drying
perovskite precursors in this work, is still within the range of typ-
ical industrial-scale dryers(*®! (more detailed information about
the CN drying optimization can be found in, Figure S3, Support-
ing Information).

To validate the impact of different drying approaches
on the performance of perovskite solar cells, we fabricate
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and analyze devices with all-scalable methods and an ac-
tive area of 10.5 mm? (Figure 2) based on the architecture
ITO/2PACz/Pero/C,/BCP/Ag (experimental section). The de-
vices are subsequently measured under a solar simulator and
traced back to the original geometrical position of the sub-
strate. PCE-heatmaps of the coated and alternatively dried sub-
strates are presented in Figure 2a,b, showing the PCE distri-
bution according to different morphology formations in setups
depicted in Figure 1. Corresponding J. -, V,.- and FF-heatmaps
of CN- and slot jet-dried PSCs show similar relative variations
concurring to respective morphologies (Figure S4, Supporting
Information).

As mentioned above, after slot jet drying, a distinct transi-
tion of thin-film morphologies is visible. In the beginning and at
edges, the thin film appears diffusely reflective, then transitions
into a dark, specular reflecting area associated with high PCE-
values, and finally a dark gray diffuse area is visible coming along
with a higher thickness and lower PCE-values. This combination
of the different drying states explained above on one substrate
is determining for perovskite upscaling. We account their occur-
rence to the following difficulties that occur in batch-to-batch pro-
cessing. Either i) the wet thin film shows small fluctuations and
cannot be dried homogeneously without the prior fully evolved
and 2-D aligned meniscus, ii) the drying condition is not set fast
enough, since the controlled drying can only take place when the
substrate is precisely underneath the slot or, iii) the wet thin film
is pushed back by the inevitable gas backflow, disturbing the ho-
mogeneity of the dried thin film leading to unwanted patterns
or thickness variations. The gas backflow is almost inevitable,
e.g., due to disturbing but functional components in the nozzle,
the inside contour having edges and certain radii of curvature
inducing stalling and turbulences of the gas flow as well as the
tendency of air flowing from high to low-pressure regions.[34!
Therefore, most of the thin film is optimally dried directly un-
der the nozzle center, whereas at the end of the drying process,
the solution is accumulated and drying occurs a significant dis-
tance after the nozzle center has passed, drying basically without
gas assistance. The ink at the edges of the substrate dries chaot-
ically mainly because of drying rate variations on the edges of
the slot nozzle causing a significant decrease in PCE (<13%). As
a response, during precisely controlled CN drying, the delay of
the drying pushed back liquid, and edge effects can be avoided,
providing a distinct transition of thin-film morphologies to a sig-
nificantly larger dark, specular reflecting area. Dark gray diffuse
edges are only visible at the far ends of the substrate. The rea-
son is the 2D drying system, 1) covering the entire substrate at
once and 2) provides several precisely flow-controlled hexagonal
jets without a problematic gas backflow, which would push lig-
uid to the rear part of the substrate. This work shows that the CN
drying elucidates the drying dynamics during the morphology
formation, compared to a single high-pressure slot jet. The nar-
row operational window or almost peak of mass transfer being
present at a critical thin-film thickness at the right time to which
the drying parameters need to be fine-tuned, is now 2D widened.
Still, the right timing of a certain threshold heat (and accordingly
mass) transfer underneath the array of hexagonal jets, requires a
precise tuning of the drying parameters.

Remarkably, we succeed in showing an extension of the opti-
mally dried area in demonstrating a significant increase in the
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Figure 2. PCE-heatmaps a, b) of solar cells (active area of 10.5 mm? (ITO/2PACz/Pero/Cq,/BCP/Ag)) built from the respective perovskite absorber
thin films (100 cm?), depicting the performance of devices traced back to the exact position on the substrate. The devices are fabricated with the setup
shown in Figure 1 at the PCE-optimized drying gas flow velocity. uy = 32 m s™', dynamic drying speed of 1.5 mm s~" and nozzle height 0.3 cm for
slot jet drying. For CN drying, the PCE-optimized parameter set includes the height Hey = 10 mm, drying gas temperature Ty = 80°C, and heat
transfer coefficient acy = 110 W m=2 K=1. PCE values vary strongly in the upper part and on the edges (red color code) after drying with a single slot
jet according to morphological variations (a). Decreases in PCE can be significantly reduced, due to the control of drying rates via CN drying, as seen in
PCE-heatmap (b). Significantly more of the perovskite thin film is optimally dried (yellow color code) directly under the nozzle centers and the solution
is only accumulated on the far edges during the drying process. Corresponding J.-, V.- and FF-heatmaps of CN- and slot jet-dried PSCs are shown in,
Figure S4 (Supporting Information). Cutting the heatmaps horizontally results in horizontal PCE-distributions ¢, d). PCEs of PSCs fabricated with slot
jet-dried thin films are highest in the case of optimal drying in the middle of the samples (rows 3-8) and drop significantly in rows 1& 2, and 9-12 (c).

After CN drying, only rows 1and 12 show a light PCE drop, increasing the PCEgs yield significantly from 62% to 90% (d).

PCEg;-yield via CN drying compared to conventional slot jet dry-
ing (90% vs 62%, respectively), while champion solar cells of both
drying methods remain reaching up to 19.6%. We measure sig-
nificant PCE differences during the two drying methods at the ex-
act positions where the corresponding morphology evolved, con-
sistently with the dark, specular reflecting area being significantly
larger and only far edges showing a dark gray diffuse area during
CN drying. lustratively, PCE-heatmaps (Figure 2a,b) show the
significant minimization of PCE-loss during CN drying, due to
the prevention of a backflow-induced higher thickness at the end
of the coating (Figure 2a compared to Figure 2b at the top of the
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substrate) and fewer edge effects due to inconsistent drying rates
of the slot jet. Slicing the substrates in horizontal rows from bot-
tom (1) to top (12), the influence of the backflow during slot jet
drying gets even more prominent (Figure 2¢,d). After slot jet dry-
ing, there is a strong decrease in the mean PCE starting at row 9,
dropping to ~16% and showing a significantly higher PCE vari-
ance than row eight, implying the inhomogeneous drying pattern
onward this row (Figure 2c). Whereas mean PCE-values > 18%
are only present in rows 3-8 for slot jet drying, the high-PCE re-
gion is significantly enhanced during CN drying, reaching from
rows 2-11 (Figure 2d).
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Figure 3. Grain size distribution a, b) of the microscopic morphology via atomic force microscopy (AFM) and investigation via a scanning electron
microscope (SEM) ¢, d) reveal the different drying characteristics, i.e., thin-film morphologies after slot jet (left, green) and comb nozzle (CN) drying
(right, orange). After slot jet drying, three different drying regimes occur, resulting in a relatively wide grain size distribution (a). In comparison, the mean
grain size distribution after CN drying is relatively narrow (b). Reproducible, slot jet-dried substrates contain i) homogeneous and dense thin film with
grain sizes &2 um (optimal area, oPCE = 18.7%, ii) areas with smaller grain sizes (ePCE = 16.1%), and iii) inhomogeneous layers with pinholes and high
roughness (=97 nm, gPCE = 12.9%) (c). Investigation of the morphology via SEM reveals that grain sizes are significantly larger and densely packed for
morphologies corresponding to better PCE values compared to the two differently definable morphology regions. SEM of CN-dried morphologies reveals
that grain sizes are mainly between 2 and 2.5 um and densely packed throughout the major part of the substrate with a roughness of %22 nm (comparable
to the optimal drying region after slot jet drying —~21 nm, see also XRD-measurements in, Figure S12, Supporting Information) (d). Consistently, mean
PCE values of solar cells fabricated on respective areas are similar (6PCE = 18.7% and 18.9%, respectively).

The generally higher PCE variances (difference of the box sizes
of all respective rows in Figure 2c,d and higher decrease of PCE
on the very edges of the substrates during slot jet drying (compare
outliers of Figure 2c,d), validate the precise control of the drying
rates and constructional advances by the CN technique, under-
lining the improved usability for full-area needing applications,
such as flexibly shaped substrates or tandem devices. However,
rows 1 and 12 in Figure 2d illustrate that there still is room for
improvement at the far edges of CN-dried substrates. Addressing
these edge effects, one way could be the installation, implemen-
tation, and optimization of systematic “wobbling” (systematically
driving the substrate or CN hood back and forth during a spe-
cific time of drying), instead of a driving and stationary phase of
drying. As a result, the hexagonal pattern of the drying system
and the effects of the corners of the drying pattern itself could be
smoothened out more systematically and individually to the ma-
terial system. Especially on the edges, which- for uniformity—
need to withstand more drying effects and the influence of par-
ticles from transporting the substrate, this could lead to more
homogeneity over the whole substrate. Furthermore, additives re-
sulting in more consistent distributions of the precursor solution
onto the substrate or the optimization of nanoparticle application
on tandem devices to control fluidics at the edges could further
reduce edge effects. Since high-quality thin films usually result
in improved stability (PCE-measurement in the MPP is shown
in, Figure S11, Supporting Information), we stored champion
devices in an inert atmosphere for further stability testing. In,
Figure S16 (Supporting Information), we show a 10 h MPP track-
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ing of a representative CN-dried device from the optimal drying
area 172 days after fabrication, validating the high perovskite thin
film quality with a PCE still reaching >90% of the initial PCE.

2.3. Correlation of Surface Morphology and Power Conversion
Efficiency

Asintroduced in 2.1 and 2.2, variations of the perovskite absorber
quality are apparent on substrates processed with different drying
methods. To determine the impact of the respective morpholo-
gies on the performance of perovskite solar cells, we correlate
the mean PCE of fabricated test cells with morphological charac-
teristics.

As a result, we find that the variations of the PCE values
(Figure 2) correlate to significant differences in microscopic mor-
phology and grain size distributions (Figure 3). The mean grain
size for CN dried films averaged over 100 cm? test devices in-
creases up to ~2.5 ym (Figure 3d) compared to the slot jet dried
mean grain size (=22 pm, (Figure 3c-2)), increasing the diffusion
length of charge carriers and therefore, mean PCE-values. Con-
sistently with the PCE trend after slot jet drying, microscopic in-
vestigations of the morphology via scanning electron microscope
(SEM) reveal clearly that grain sizes and roughness are signifi-
cantly increased (=3 pm and ~100 nm, respectively) compared
to CN-dried thin films. Additionally, there are pinholes and inho-
mogeneities develop when the thin film is post-dried due to an
increased thickness of the pushed liquid during slot jet drying
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(Figure 3c-3). Post-drying is well known in the literature to be in-
operative for a controlled drying behavior.[®* The wet thin film
dries in an uncontrolled manner without the facile and repro-
ducible gas-assisted drying technique. This insight is consistent
with Figure 3. Simultaneously, microscopic investigations reveal
that grain sizes are reduced < 1 pm on a significant part of the
slot jet-dried perovskite thin film (Figure 3c-1), indicating that
nucleation starts too early. The reason can be an inevitable gas
backflow, causing inconsistent drying rates. The decrease of the
overall grain size (Figure 3c-1, SEM surface images), results in a
decrease in the diffusion length of charge carriers, coming along
with a reduced efficiency of respective solar cells, in this specific
case by almost 3%.

Accordingly, mean PCEs of solar cells fabricated on respective
areas of the substrate confirm that the PCE has a similar opti-
mum for both drying approaches (¢PCE = 18.7%, Figure 3c-2 and
18.9%, Figure 3d for slot jet and CN drying, respectively). During
CN drying, only #10% show grain sizes apart from this regime
without forming any bulk of grain size formations below or above
2-2.5 ym or inhomogeneous thin film with pinholes. Therefore,
the main part (%90%) of CN dried substrates is comparable to the
optimal drying region of slot jet-dried substrates (see also XRD-
measurements in Figure S12, Supporting Information), showing
a significantly lower amount of suboptimal drying regimes with
either small grain size or inhomogeneities. This morphological
change implies an extension of the optimal drying region due to
CN drying.

Additionally, besides having more counts of the optimal grain
size distribution during CN drying, the lack of bulks of inhomo-
geneous thin films (roughness 100 nm, gPCE = 12.9%) and
morphologies with small grain sizes (< 1 pm, gPCE = 16.1%)
is significant. Both result in reduced cell efficiencies and are
prominent as separate drying regimes after slot jet drying.
All slot jet-dried substrates prominently come with two sub-
optimal drying regimes of first, inhomogeneities and pinholes
(ePCE = 12.9%, Figure 3c-3) and second, significantly smaller
grain sizes (PCE = 16.1%, Figure 3c-1), both resulting in re-
duced cell efficiency. Conclusively, CN drying obtains a relatively
larger area of high-quality perovskite thin film (Figure 3), since
PCE-decreasing regimes are significantly less prominent than
after slot jet drying. These results demonstrate the importance
of suppression of the gas backflow and control of drying rates,
preventing suboptimal drying characteristics. In summary, CN
dried perovskite thin films profit of the precise drying rate con-
trol and prevention of disturbing gas backflows. The array of
flow-controlled hexagonal gas in and outlets reduces the effect of
suboptimal drying regimes, significantly enhancing the optimal
area of reproducible high-quality perovskite thin film. We demon-
strate obtaining upscaled high performances of PSCs achieving
an overall homogeneous drying behavior on areas of 100 cm?.

2.4. Module Fabrication on Extended Optimal Drying Area

As discussed in sections 2.1-2.3, the specifics of drying for SD-
coated substrates are crucial for the optimal perovskite thin film
formation. Indeed, the morphology formation as well as the re-
sulting performances of solar cells, built from incorporating parts
of presented suFor the material system discussed in sectibstrates,
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confirm that the optimal drying regime can be extended and con-
trolled via a sophisticated drying system. With a parameter set
(height, gas flow temperature, and heat transfer coefficient) for a
given SD-coated material system, a homogenous perovskite thin
film on upscaled areas can be provided via the 2-D CN drying
system (section 2.2). For the material system discussed in sec-
tion 2.1 and 2.2, evolving in perovskite absorber with a bandgap
0f 1.63 eV, a height H = 10 mm, drying gas temperature Ty =
80 °C and heat transfer coefficient acy = 110 W m~2 K~! provides
the optimum in terms of morphology formation reflected in the
champion PCE of 19.5% and 90% PCEyg; yield of PSCs fabricated
on test areas of the respective substrates (Figure 2b).

Demonstrating the importance of adequate drying for scalable
techniques during 2-step depositions, this parameter set is ap-
plied to four 50 X 50 mm? mini-modules which are embedded
in a 100 X 100 mm? substrate, allowing a reflection of the per-
formance on four quadrants. By depositing the perovskite thin
film as described in section 2.1, we demonstrate the emergence
of the extended optimal drying regime on all four quadrants
(Figure 4b). A scheme of the solar module stack and its series
of interconnections in the side view is shown in Figure 4a. The
mini-modules have the conventional P1, P2, and P3 scribes by
a nanosecond laser scribing, generating a geometrical fill factor
(GFF) of 95% and consist of nine sub-solar cells with an aper-
ture area of 144 mm? each (Figure 4a; Figure S7, Equation S1
(Supporting Information)). The identical stack with all-scalable
methods as in section 2.1 and 2.2, only with thermally evaporated
75 nm gold back electrodes, is fabricated (experimental section,
Figure S8, Supporting Information). A photograph of one exem-
plary test device after perovskite deposition on the perovskite side
is shown in Figure 4d, illustrating the perovskite thin film af-
ter homogeneous drying with prompt crystallization. With the
CN drying strategy, a PCE of up to 17.9% on an aperture area
of 1296 mm? is obtained (Figure 4c). Significantly, perovskite
mini-modules can be fabricated with all four quadrants reaching
PCEs > 17.6% and only a minimal deviation of maximal 0.3%
(Table 1).

Compared to a simultaneously fabricated champion cell from a
test area of the optimal drying regime (active area of 10.5 mm?),
showing a PCE of 19.1% (Figure 4e), only ~6% relative upscal-
ing loss can be demonstrated, mainly explainable due to mod-
ule scribing and interconnection resistances. Directly compar-
ing both “active area PCEs” (meaning for the module: “aper-
ture area PCE”/GFF = 17.9%/0.95 = 18.8% on an active area
of 1231.2 mm? compared to 19.1% on 10.5 mm?) outlines the
high perovskite thin film quality, achieving a loss in active area
related PCEs of only 0.3%,,, compared to small area PSCs. The
characteristic values (J., V,., FF) of the mini-module, including
nine sub-solar cells, show minimal deviation compared to the
reference cell, implying a high homogeneity during the coating
and drying process (Figure 4c; Figure S6, Supporting Informa-
tion). More specifically, each sub-solar cell of the mini-module
hasa V,_of ~1.11V, which is close to the V,_ obtained from the
champion small-scale PSC (1.13 V). This small deviation indi-
cates excellent homogeneity over the entire module area of the
perovskite thin film and good interfaces of the stack with all scal-
able methods (Figure S8, Supporting Information). Extensive ho-
mogeneity on an exemplary representative module is also shown
during photoluminescence-(PL-)measurements (Figure S13,
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Figure 4. Graphical illustration of an exemplary solar module stack (ITO/2PACz/Pero/Cg,/BCP/Au) and its series interconnections in side view used in
this work a). The mini-modules have the P1, P2, and P3 scribes by nanosecond laser scribing, generating a geometrical fill factor of 95% and consisting of
nine sub-solar cells (aperture area 144 mm?, respectively). A Schematic of the substrate with four laser-scribed mini-modules positioned at the quadrants
of the ITO-covered glass on the movable table during coating and drying is shown in b). PCEs are consistent on the entire area which is reflected by a
mean PCE of 17.7% + 0.2%,,, of perovskite modules fabricated on the quadrants of the respective substrates. The device performance (J-V curve) of an
exemplary 50x50 mm? mini-module is shown in c). It shows only 6 % relative upscaling loss (17.9 % on 1296 mm? aperture area) compared to reference
cells (19.1% with active area 10.5 mm?). A photograph of one exemplary mini-module after perovskite deposition on the perovskite thin film side after
homogeneous drying is shown in d). PCEs of perovskite modules 1, 2, and 4 are listed in Table 1 (1.63 eV). An exemplary reference solar cell fabricated
on the same day, with identical coating and drying conditions as well as the same precursor solution and simultaneous device fabrication (19.1 %) is
shown in e).

Table 1. Device performances of champion modules (1296 mm? aperture area) fabricated with the morphologies depicted in Figure 4d, providing the
layer stack depicted in Figure 4a. The champion PCEs in the case of optimal drying of 1.63 eV triple cation (TC) perovskite absorbers reach 17.6%-17.9%
resulting in a minimal deviation of performances over the entire substrate area. The scaling loss of the champion module toward a champion slot-die-
coated reference cell built on the same day (19.1%) is 6.3%rel, mainly due to module scribing and interconnection resistances. In the second row, the
drying method is applied to precursor solutions providing a higher bandgap (1.68 eV). SD-coated PSCs reach up to 18% (18.5% spin-coated, Figure S6,
Supporting Information). Employing CN drying to modules (1.68 eV) results in PCEs 16.5%-16.9% (1296 mm? aperture area) and shows only minimal
deviations of performance over the entire substrate area. Remarkably, the relative scaling loss of the champion mini-module is 5.6%,, compared to a
slot-die-coated champion reference cell built on the same day (17.9 %).

Bandgap [eV] PCE, [%] PCE, [%] PCE; [%] PCE, [%] PCE Ref. cell [10.5 mm?] [%]
1.63 17.7 17.7 17.9 17.6 19.1
1.68 16.9 16.6 16.8 16.5 17.9
Adv. Energy Mater. 2025, 2500923 2500923 (9 of 15) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Supporting Information). Detailed information on the cham-
pion perovskite solar module is shown in Figure 4c and the effi-
ciency deviation among the sub-solar cells themselves in the SI,
Table S1, confirms homogeneity over the entire module area. The
champion device’s efficiency distribution of nine sub-solar cells
shows that all sub-solar cells of the module have an efficiency
higher than 17.7%, validating excellent drying conditions and ho-
mogeneity over the entire module area.

2.5. Toward Wide Bandgap Module Fabrication

For the application of perovskite absorbers in monolithic per-
ovskite/silicon tandem configurations, optical simulations show
that a wider bandgap (E, > 1.65 eV) for optimal perfor-
mance is required.’>>”] By changing the bromide/iodide ratio
in a perovskite composition, the bandgap of the perovskite is
tunable.l®>°1 While in recent works, hybrid 2-step methods have
been successfully developed to produce wide-bandgap PSCs for
tandem applications, incorporating CsBr,[%-%] the incorporation
of bromide in the solution-based 2-step method requires further
effort to converge at high performances. In this regard, this work
leverages knowledge from the process method of the perovskite
top cells by Pappenberger et al., engineering wider bandgaps
for the solution-based 2-step method on a laboratory scale.l®]
The work is based on incorporating bromide in both deposi-
tion steps, the inorganic precursor deposition (step 1, PbBr,) and
the organic precursor deposition (step 2, FABr), increasing the
bandgap of 2-step solution-processed perovskite thin films. Fur-
thermore, the recipe is complemented with CsI in the bulk and
LiF as surface passivation, enhancing the perovskite thin film
crystallization, leading to improved charge carrier extraction and
altogether resulting in a PCE exceeding 18.5% for E, = 1.68 eV.[’]
In this work, the effective, strategic recipe is slightly varied in
terms of the exact distribution of given components for the first
and second steps (experimental section). The need arises from an
incremented activation energy needed for the migration of bro-
mide anions in comparison to iodide anions during SDC.[*!l Due
to the arisen challenge of bromide diffusion into the lead halide
layer during SDC compared to spin-coating, a higher amount of
bromide and additional FAI, restraining the Pbl, are added into
the Pbl, /PbBr, solution. This componential variation in the first
deposition step successfully optimizes the bromide incorpora-
tion and perovskite conversion for the scalable approach of SDC
(experimental section, Figure S9, Supporting Information). Ad-
ditionally, RbAc is introduced in step 1, thereby, metal cations re-
ducing hysteresis and acetate anions significantly enlarging grain
sizes, formatting Pbl,/PbBr, complex intermediate phases (ex-
perimental section).l*!]

We succeeded in transferring the scalable deposition tech-
nique with the incorporated CN drying method to the 1.68 eV
material system, slightly altering drying parameters to height
Hcy = 12 mm, drying gas temperature Ty = 80 °C and heat
transfer coefficient acy = 100 W m=2 K! (detailed heatmap
with according parameters can be found in, Figure S17, Sup-
porting Information), because of the slightly different material
components and according to fluidic characteristics of the pre-
cursor solution. Regarding a similar PCE-heatmap as presented
in Figure 2b, fabricating solar cells with active area 10.5 mm? on
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100 x 100 mm? substrates reveals PCEs exceeding 18% (PCE-
measurement in the MPP is shown in, Figure S11, Supporting
Information) for E, = 1.68 eV and demonstrates homogeneity
over the entire substrate (Figure S5, Supporting Information).

The optimized CN drying parameter set is applied to four
50 X 50 mm? mini-modules which are embedded in a 100 x 100
mm? substrate as described for the 1.63 eV material system in
section 2.4. Similarly, we demonstrate the extended optimal dry-
ing regime on all four quadrants and nine sub-solar cells on each
module. Significantly, perovskite mini-modules can be fabricated
with all four quadrants reaching PCEs up to 16.9% and only a
minimal deviation of maximal 0.4% (Table 1, second row). Com-
pared to a simultaneously fabricated champion solar cell from a
test area (active area of 10.5 mm?), showing a PCE of 17.9%, less
than 6% relative upscaling loss can be demonstrated. The slight
scaling loss is mainly explainable due to module scribing and in-
terconnection resistances. Showing the minimal deviation com-
pared to the reference cell implies a high homogeneity during the
coating and drying process.

2.6. Implementation in 2T Tandem Devices

After successfully testing incorporated bromide anions into so-
lution systems within the upscaled process of solar modules and
thereby increasing the bandgap up to 1.68 eV in section 2.5, the
developed strategy is implemented in the fabrication of planar
monolithic perovskite/silicon tandem solar cells (TSCs). Due to
the top-down penetration of the organic precursors in the sec-
ond step, the 2-step method already facilitates the uniform coat-
ing of dense and pinhole-free perovskite thin films on silicon bot-
tom solar cells, leading to higher achievable PCEs on a laboratory
scale.[*1*2] The employment in tandem devices represents one
of the major challenges to push perovskite PV to an industrial
level. Demonstrating the industrial applicability, we fabricate 16
silicon/perovskite tandem devices within one single SDC deposi-
tion step (as depicted in Figure 5c¢) via drying the 2-step processed
perovskite thin film with the CN drying method on silicon planar
bottom cells from Meyer Burger (Germany) AG (MB). With the
CN drying method presented in 2.1-2.3, we demonstrate a sys-
tematic, universal, and adequate industrial process, applying it
to drying processes of perovskite solution thin films on fragile
substrates (< 0.1 mm).

The device architecture of the TSCs consists of the layer stack
silicon bottom cell (MB)/ITO/MeO-4PACz/SiO,-nanoparticles(-
np)/Pero/LiF/C,,/BCP/Sn0, /IZ0/Ag/MgF, (for details, see ex-
perimental section) with active areas of 1.04 cm? (with shadow
mask during J-V measurements: 1.0 cm?). The complete
schematic of the TSC layer stack is shown in Figure 5a. The -V
characteristic of the champion device is depicted in Figure 5b,
which exhibits good performance and high voltages. The cham-
pion tandem device reaches a PCE of 24.6% in the backward scan
(24.4% in the forward scan) and provides a Vi 0f 1.92'V, a Jy of
18.1 mA cm~? and a FF of 72%, demonstrating the high quality of
the perovskite thin film (Figure 5b). Remarkably, we succeeded in
depositing homogenous, high-quality perovskite thin films on all
16 tandems as depicted in the photograph (Figure 5e). The wet-
tability is additionally improved via SiO,-np on MeO-4PACz.[%]
Performances are mainly limited by the low FF that requires
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Figure 5. Scheme of the TSC layer stack used in this work a). PCEs of the 25 x 25 mm? tandem devices reach up to 24.6 % (active area of 1 cm?)
demonstrating the high quality of the perovskite thin film as implied by J-V curve b). A 100 cm? substrate with 16 tandem devices schematically shows
the positions of the silicon planar bottom cells + ITO and HTL on the movable table during perovskite thin film coating and drying (c). For the 1.68 eV
precursor solutions, bromide is incorporated via PbBr2 and FABr in the first and second steps with Csl added in the inorganic precursor solution
(7 mol.% Csl) and with slight componential variations (see section 2.5). LiF as surface passivation (1 nm) and an antireflective coating (90 nm MgF,)
are evaporated (for more details, see the experimental section). Optimal CN drying parameters are found to be: HCN = 12 mm, TCN = 80°C and aCN =
100 W m~2 K—1. The resulting PCE distribution on the exact positions of the champion substrate with 16 tandem devices is shown in the corresponding
PCE-heatmap d). An exemplary photograph of one tandem device after perovskite deposition on the perovskite side is depicted in e). The photograph
shows the tandem’s perovskite thin film after homogeneous drying with sufficient crystallization. Statistical distributions of the median PCE (>24 %)
and small PCE variances (0.7 %,y,) for all 16 devices imply that optimal, homogenous drying occurs on the entire substrate f). Equally, the FF, Jsc and
Voc show median values of 71 %, 18.1 mA cm~2 and 1.89 V, respectively, with small variances (for details, see Table 2).

further investigation and optimization, whereas the V. is al-  PCE provision of >23%. More specifically, the PCE median of
ready in the expected range based on the results for the single-  >24% and small PCE variance of ~0.7% ,,, for all 16 tandem de-
junction perovskite solar cells and the planar silicon cell. Ad-  vices underline that an optimal, homogenous drying regime is
ditionally, the -V characteristic reveals a low hysteresis be-  present on the entire substrate (Figure 5f and Table 2). Consis-
tween backward and forward scans with a Jy. being close  tently, with prior observations on the CN dried PCE-heatmap of
to current-matching. More specifically, the perovskite top cell  single junction devices (Figure 2b), no significant fluidic back-
has slightly lower Jy. than the Ji. of the silicon bottom cell ~flow and only minimal edge effects are limiting the PCE, FF,
(AJsc = 0.2 mA cm™?, see EQE in, Figure S10, Supporting In-  Jsc or Vi (Figure 5d.f), implying that the perovskite crystallizes
formation). homogenously below the flow-controlled air nozzles on the en-

The qualitative distribution of all 16 device performances of tire substrate with optimized parameters. This enhancement of
the champion substrate (25 x 25 mm? tandem devices with an  the high PCE yield indicates a straightforward implementation
active area of 1.0 cm?) is shown at the exact positions during  of the elaborated strategy on 2T TSCs. A prospective strategy for
SDC and drying on a PCE-heatmap (Figure 5d, corresponding  this methodology is to actively interfere with current drying pa-
to the schematic positions in Figure 5c). A detailed PCE bar  rameters during processing through direct feedback loops. In
chart of the tandem devices is shown in, Figure S15 (Support-  this context, a concept of the correlation of the drying dynamics
ing Information). All devices, except one outlier at the right cor-  and yielded performance is a particularly interesting indicator to
ner, show a similar yellow color code, demonstrating the high  possibly automate and control the process immediately without
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Table 2. Device performances of 16 tandem devices (1 cm? active area) of
the champion substrate as well as median values and variances of PCE,
FF, Jsc, and Voc of fabricated TSCs with the corresponding local distribu-
tion layer stack and morphologies depicted in Figure 5. The champion PCE
reaches 24.6%. The median values and variances of the characteristic val-
ues calculated from the 16 representative tandem devices of the according
morphology, underline the importance of controlled, homogenous drying
conditions, showing especially high median PCE- as well as high median
Voc-values and low variances for all characteristic values.

Ntangem = 16 PCE [%] FF [%] Vo V] Jse IMACm™?]
Median 24.0 71.0 1.89 18.1
Variance 0.7 0.8 0.02 0.3

wasting time and effort during the arduous production line,
rapidly identifying a drift in the resulting morphology such that,
for example, the gas flow temperature can be fine-tuned and
thereby, re-optimized immediately.

3. Conclusion

This work addresses the employment of spatially flow-controlled
drying to large-area solution-processed perovskite thin films. It
implements, demonstrates, and validates the applicability of a
dedicated gas-assisted dryer system on homogenous 2-step pro-
cessed SD-coated perovskite thin films, including the successful
transfer to industrial-relevant perovskite PV, such as module and
TSC fabrication. The specific CN drying method includes the GB-
internal adjusted design of flow-controlled hexagon-shaped gas
outlets surrounded by gas inlets. Thereby, gas inlets provide the
local removal of the drying air according to the aero- and drying
dynamics, precisely controlling drying rates. We identify and val-
idate the parameter range of the proposed drying system with
precisely defined drying conditions, needed for upscaling per-
ovskite thin films. The main parameter set is defined by a dy-
namic height, gas flow temperature, and heat transfer coefficient,
being fine-tuned for the given material system for an enlarged
optimal drying regime.

Our study highlights the excellent drying conditions of the
specifically shaped 2D array pattern by thorough local compari-
son of morphological and optoelectronic characteristics to a con-
ventionally implemented oblique impinging slot jet drying sys-
tem (sections 2.1-2.3). The latter is adjusted by a controlled
height, angle, and overlapping lip configuration, reducing gas
and corresponding fluidic backflow.**] We identify a significantly
more homogenous, dense drying behavior with grain sizes >
2 um over the entire substrate area during CN drying. This im-
provement in drying characteristics is mainly attributed to 1) the
enhanced flow control of the 2-D jet array and 2) an adjusted
material/solvent system engineering for maximizing the ben-
efits of the innovative drying system. Symbiotically, this leads
to improved optoelectronic properties, pushing the single junc-
tion mean efficiency to > 19 % over an enlarged area compared
to conventional slot jet drying. Consistently, by comparing the
PCEg;-yields, we show that the optimally dried thin-film area in-
creases from below 65 % (with slot jet drying) up to 90% (with CN
drying), maintaining similar champion PCEs of ~19.6%. Con-
sequently, we demonstrate the resulting extended optimal dry-
ing regime, reaching up until the edges of the substrate, on four
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50 X 50 mm? mini-modules in each quadrant of the sample (sec-
tions 2.4 and 2.5). Hereby, we validate the homogeneity and re-
producibility by fabricating several substrates with laser-scribed
mini-modules, providing a reproducible average PCE of ~17.7%
on a large area with only minimal area loss and prevented sub-
strate waste, underlining the validity of the proposed methodol-
ogy. Finally, we successfully show that the drying methodology
is applicable to tandem-suited material systems (>1.65 eV) for
monolithic perovskite/silicon TSCs (section 2.6). Remarkably, we
demonstrate high TSCs efficiencies up to 24.6% with only a small
PCE variance of #0.7%,, on an overall area of 100 cm?. The
results of this work validate the successful scaling via 2-step pro-
cesses and flow-controlled drying for scalable, dynamic opera-
tion of perovskite fabrication lines. Overall, with both, integrated,
fine-tuned dryers and material engineering, this work introduces
a successful strategy for fabricating high-performance and ho-
mogenously upscaled p-i-n type wide-bandgap perovskite solar
cells, modules, and planar perovskite/silicon TSCs, enhancing
the facilitation for industrial solution-based production of high-
quality perovskite (tandem) PV.

4. Experimental Section

Materials:  2PACz (TCI Chemicals (TCl), CAS: 20999-38-6), Lead io-
dide (Pbl, : TCl, CAS: 10101-63-0), Lead bromide (PbBr, : TCI, CAS: 1003 1-
22-8), Formamidinium iodide (FAI: Greatcell solar materials, CAS: 879643-
71-7), Formamidinium bromide (FABr: Dyenamo, CAS: 146958-06-7),
Methylammonium iodide (MAI: Dyenamo, CAS: 14965-49-2), Methy-
lammoniumchloride (MACI: Dyenamo, CAS: 593-51-1), Cesium iodide
(Csl: Alfa Aesar, CAS: 7647-17-8), urea (CH4N,O, SigmaAldrich), L-a-
Phosphatidylcholin (a-LP: Sigma-Aldrich, CAS: 8002-43-5), Fullerene-Cq
(Cgo : Sigma—Aldrich, CAS: 99685-96-8), Bathocuproine (BCP: Lumines-
cence Technology (Lumtec), CAS: 4733-39-5), MeO-4PACz (TCl Chem-
icals (TCl), CAS: 2922526-56-3), Magnesium fluoride (MgF, : Sigma—
Aldrich, CAS: 7783-40-6), Lithium fluoride (LiF: ChemPur, CAS: 7789-24-
4). All solvents including N,N-dimethylformamide, 99.8% (DMF, CAS: 68-
12-2), Dimethyl sulfoxide anhydrous, > 99.9% (DMSO, CAS: 67-68-5), 2-
Propanol, 99.5%, (IPA, CAS: 67-63-0) were ordered from Sigma-Aldrich.
Ethanol (EtOH) absolute anhydrous, > 99.8% was ordered from VWR
Chemicals.

Preparation of triple cation two-step perovskite solution and thin film
(1.63 eV): The perovskite layer is deposited via a two-step slot-die coat-
ing. The inorganic solution of Pbl,:Csl (599.3 mg: 33.8 mg in 900 uL DMF
and 100 L DMSO) is completed by 5 vol% of a-LP solution (0.5 mg mL™!
pre-solved in DMSO)!#?l and afterward SD-coated with according to pa-
rameters listed below. The SD-coated Pbl,:Csl thin films are subsequently
annealed at 70 °C for 3 min in an inert atmosphere, resulting in a yellow-
transparent layer.

After cooling down of the inorganic thin film, the formation of the
perovskite is achieved by the cation solution on top of the lead iodide
layer with SDC parameters below. On the day of deposition, the precur-
sor solution of FA:MABr:MACI (60:6:6 mg in 1 mL IPA) is completed by
3 mg mL~" ureal346%66] and 5 vol% a-LP solution (0.5 mg mL™" pre-solved
in DMSO).[*] The respective drying approach is rapidly started after coat-
ing. After alternative drying approaches, as discussed in the result chap-
ters, post-annealing outside of the glovebox under ambient conditions (at
a relative humidity of 20%-50%) @ 150 °C for 15 min is provided.

The 2-step process (without additives) is based on the work of Li
et al.[é7]

Preparation of triple cation two-step perovskite solution (1.68 eV): The
wide bandgap triple cation perovskites are prepared for the incorporation
of bromide via PbBr, and FABr in the first and second steps, respectively.
1.245 m Pbl, and 0.255 m PbBr, are dissolved in 930 uL DMF:DMSO (9:1
volume ratio). The inorganic solution is heated up to 130 °C for 30 min
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and vigorously agitated until all the powders are completely dissolved.
After cooling down, 70 uL Csl solution (corresponds to 7 mol.% Csl,
390 mg mL™! Csl in DMSO) is added to the inorganic solution. On the
day of deposition, 5 mg/mL FAI, T mg mL~" RbAc (RbAc and FAI added
in the first step, forming a lead halide complex is based on the work of
Chen, et al.l*!), and 5 vol% a-LP solution (0.5 mg mL~" in DMSO)[#°]
as a surfactant are added to the solution. Altogether represents the basic
perovskite solution. The basic perovskite solution is diluted in the ratio
2.5:1 in 4:1 DMF:DMSO for slot-die coating and is used in its concen-
trated form for spin coating references in order to guarantee similar thin
film thicknesses. The basic solution is no older than one week. After the
deposition, thin films are subsequently annealed on a hotplate at 70 °C for
1 min, resulting in a yellow-transparent layer.

The formation of the perovskite is achieved by SDC deposition of the
cation solution on top of the inorganic layer with SDC parameters listed
below. The organic cation solution is prepared by dissolving FAI (46.6 mg),
FABr (25.3 mg), MAI (6.9 mg), and MACI (8.5 mg) in 1 mLIPA+.4 mg/mL
ureal346566] and 5 vol% a -LP solution (0.5 mg mL~" in DMSO)[*°l as a
surfactant which are added directly before SDC. The respective drying ap-
proach is started rapidly after coating. After alternative drying approaches,
as discussed in the result chapters, post-annealing outside of the glovebox
under ambient conditions (at a relative humidity of 20%-50%) for 15 min
@ 150 °C is provided.

The incorporation of bromide via PbBr, and FABr in the first and second
steps is based on the work of Pappenberger et al.[%3] and slightly varied for
SDC (Figure S9, Supporting Information).

SDC parameters of the 2-step process: The 1.63 eV inorganic and or-
ganic precursor solutions are deposited subsequently by a 10 cm wide
slot-die coater with an optimized slot-die width bgp, = 0.1 mm, slot-die gap
Hsp = 150 um and coverage-thickness as well as conversion-optimized
dispense rates d,; = 0.6 mL min~" and d,, = 1.5 mL min~", respectively
(Figure S14, Supporting Information), over the substrate on a movable
table with temperature (T = 40 °C) with optimized coating velocity v, ;
and vy, = 6 mm s~ (equal due to industrial applicability). If not stated
otherwise, a 3 min thermal drying step of the inorganic solution at 70 °C
is included before the SDC of the organic cation solution.

The 1.68 eV inorganic and organic precursor solutions are deposited
subsequently by a 10 cm wide slot-die coater with an optimized slot-die
width bgp = 0.1 mm, slot-die gap Hsp = 150 um and coverage-thickness
as well as conversion-optimized dispense rates d,; = 0.6 mL min~! and
d, = 1.8 mL min~], respectively, over the substrate on a movable table
with temperature (T = 70 °C) with optimized coating velocity v, and
v12,=>5mm s~! (equal due to industrial applicability). If not stated oth-
erwise, a 1 min thermal drying step of the inorganic solution at 70 °C is
included before SDC of the organic cation solution.

Processing of samples for coating experiments: 100x100 mm? ITO
substrates (Luminescence Technology, sheet resistance 15 Q sq~') are
cleaned in an ultrasonic bath for 10 min in acetone and isopropanol, re-
spectively. Subsequently, they are plasma etched for 3 min. Then, the sam-
ples are placed in the setup depicted in Figure 1. The coating is performed
with a slot-die coater (from TSE Troller AG (TSE), Murgenthal, Switzer-
land) in length 100 mm, gap width 150 um, and with parameters for the
first and second steps given in section 2.1. Subsequently, the movable
table is driven underneath either 1) a single slot jet (web speed is changed
to the respective value and the N, flow is initiated with the chosen u; (sec-
tion 2.1-2.3)) or 2) the movable table is driven underneath a comb nozzle
dryer (CND from CN Drying Technology GmbH, Berlin, Germany) with ad-
justable height, temperature and heat transfer coefficient as described in
section 2.1-2.5.

Fabrication of single-junction perovskite solar cells:  The planar p-i-n type
PSCs with the layer stack glass/ITO/2PACz/Pero/Cg,/BCP/Ag are fabri-
cated as follows. 128 x 128 mm? glass substrates with 120 nm thick in-
dium tin oxide (ITO) coating (Luminescence Technology, sheet resistance
15 Q sq") are laser structured, cut into 100x100 mm? substrates, and
then precut into a 6 X 6 grid of 16 X 16 mm? substrates. Afterward, they
are cleaned in an ultrasonic bath for 10 min in with deionized (DI) water
with glass cleaner, acetone, and isopropanol, respectively. This is followed
by a 3 min oxygen plasma treatment before the deposition of the hole

Adv. Energy Mater. 2025, 2500923 2500923 (13 of 15)

www.advenergymat.de

transport (HTL) layer. Subsequently, the HTL (2PACz, 6 nm thickness) is
thermally evaporated and deposited using a thermal evaporation system
at a pressure of 5 X 1077 mbar with a deposition rate of 0.05-0.2 A s~'.
Then, the perovskite coating experiments are conducted as explained in
the respective sections. All perovskite absorber layers are deposited on
the substrate with the solution-based two-step deposition method. After
annealing, 1 nm LiF is thermally evaporated at an evaporation rate of 0.1
0.2 A s7" at a pressure of ~10—6 mbar for the samples with LiF as sur-
face passivation. The scalable device fabrication is completed by thermally
evaporating and depositing the electron transport layer (ETL) — Fullerene
(Cgo, 25 nm thickness) and bathocuproine (BCP, 5 nm thickness) — using
a thermal evaporation system at a pressure of 5 x 1077 mbar with a de-
position rate of 0.4 and 0.3 A s™, respectively. Afterward, the substrates
are cut into 36 respective 16 X 16 mm? substrates and sorted by nucle-
ation and growth-dominated regions if required or sorted by the primary
indication marking the exact location on the substrate. Finally, the back
electrode (100 nm Ag with 1 A's™) is thermally evaporated with a shadow
mask in a thermal evaporator. The active area of the solar cells is defined
to 10.5 mm?, completing the PSCs with four pixels per substrate, if not
stated otherwise.

Processing of Perovskite/Silicon Planar Tandem Solar Cells (TSCs): Be-
fore depositing the HTL layer, the silicon planar heterojunction bottom so-
lar cells from Meyer Burger (Germany) AG (MB, 25 X 25 mm) are cleaned
with acetone and IPA. For the HTL layer, a 6 nm MeO-4PACz layer is
thermally evaporated on the silicon bottom cell with an ITO layer. MeO-
4PACz is deposited using a thermal evaporation system at a pressure of
5 X 1077 mbar with a deposition rate of 0.05-0.2 A s™!. In order to in-
crease the wettability, SiO,-nanoparticles (more specifically nanospheres)
are spin-coated on the MeO-4PACz layer based on the work of Turkay
et al.[®¥] More detailed, NanoXact Silica nanospheres (aminated, 20 nm,
5.2 mg mL™" in ethanol) are diluted with ethanol to obtain a 0.1 wt.%
suspension. The SiO, nanospheres suspension is statically spin-coated
at 2000 rpm for 20 s on the MeO-4PACz. Afterward, the substrates are
dried on a hotplate at 100 °C for 10 min.[%*] The perovskite absorber layer
(1.68 eV) is fabricated as mentioned above and as described in section 2.6.
After CN drying and annealing, T nm LiF is thermally evaporated as sur-
face passivation. For the ETL layer, 25 nm of C¢y and 5 nm BCP are ther-
mally evaporated. A 35 nm SnO, layer prepared by atomic layer deposition
(ALD) is used as a buffer layer. Subsequently, 90 nm sputtered 1ZO from
an 1ZO target using 190 W power with pure Ar and O, at 1 mTorr is used
as a transparent electrode, and the active area of 1.04 cm? is defined by
the thermally evaporated Ag electrode (300 nm). In order to reduce the
reflection losses, 90 nm MgF, as an antireflection layer is evaporated on
top of the Ag.

Microscopic Thin-Film Characterization: SEM analysis pictures are
taken at IMT, Campus North, KIT via a scanning electron microscope
(Zeiss LEOT530) with an in-lens detector and an aperture size of 20—
30 um. The applied acceleration voltages for surface analyses range be-
tween 5 and 10 kV.

Current Density—Voltage (J—V) Measurements: The J—V measure-
ments are all performed under AM 1.5G conditions. Specifically, ]—V char-
acteristics of the PSCs are measured with a class AAA xenon-lamp solar
simulator (Newport Oriel Sol3A) and with a scan rate setat 0.6 Vs~ using
a source meter (Keithley 2400) with an AM1.5G spectra (100 mW cm™2).
The solar simulator irradiation intensity is calibrated using a certified sil-
icon solar cell (Fraunhofer ISE) equipped with a KG5 bandpass filter. The
stabilized PCE of the PSCs is determined by the power output at a voltage
close to the maximum power point (MPP) under continuous illumination
for 5 min. It is determined by measuring the photocurrent close to the
MPP by using a perturb and observing algorithm under continuous AM
1.5G illumination, while the temperature of the devices is controlled at
25 °C by a Peltier element connected to a microcontroller during the mea-
surements. A shadow mask is used in order to define the active area for
the single-junction PSCs. More detailed information can be found in.[58]
A shadow mask with an area of 1.0 cm? is used for the 2T TSCs.

To evaluate the data, a mismatch factor is determined from the EQE
curve and the solar simulator spectrum, and the J—V curves are corrected
accordingly. The EQE is measured using a PVE300 photovoltaic QE system
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(Bentham EQE system). A chopping frequency in the range of 560-590 Hz
with an integration time of 500 ms for single-junction PSCs (800 ms for 2T
tandems) to acquire the spectra in a wavelength range from 300 to 850 nm
and 300 to 1200 nm is used for single-junction PSCs and 2T tandems,
respectively. An illumination spot (0.74 mm for single-junction, 1.5 mm
for 2T tandems) is used to obtain the average over possible variations in
the EQE spectra. For measuring the EQE, a shadow mask with an area of
1.0 cm? is utilized for the 2T TSCs. The solar simulator and EQE measure-
ments are performed in an inert atmosphere in an N,-filled glovebox.
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