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ABSTRACT

Lab-scale perovskite solar cells (PSCs) have recently reached power conversion efficiencies
(PCEs) of up to 25.2 %. However, a reliable transfer of solution processing from spin coating to
scalable printing techniques and a homogeneous deposition on large substrate sizes is challenging
also caused by dewetting of the perovskite precursor solution on highly hydrophobic subjacent

materials. In this work, we report the utilization of blade coated non-conductive silicon oxide



(S102) nanoparticles (NPs) as wetting agent for the precursor solution to enable the deposition of
a homogeneous perovskite layer on the non-wetting hole transport layer (HTL). The NPs enhance
the HTL surface energy, thus, wetting and homogeneous spreading of the precursor solution is
strongly improved so that pinholes in the perovskite layer are avoided. In addition, we apply this
concept for the first time for gas stream-assisted blade coating of PSCs and modules in the inverted
(p-1-n) device architecture with Poly(triaryl amine) (PTAA) as HTL on large-area substrates. In
order to prevent void formation at the HTL interface of gas stream-assisted blade coated perovskite
layers, the effect of blending small amounts of lead chloride (PbCl2) in the perovskite precursor
solution is investigated, which also improves reproducibility and device performance. Following
these optimizations, blade coated PSCs with 0.24 cm? active area achieve up to 17.9 % PCE.
Furthermore, to prove scalability, we show enlarged substrates of up to 9x9 cm? and analyze the
homogeneity of the perovskite layer in blade coating direction. Moreover, by implementing the
blade coated NP wetting agent, we fabricate large-area modules with a maximum PCE of 9.3 %
on 49.60 cm? aperture area. This represents a further important step bringing solution-processed

inverted PSCs closer to application.

INTRODUCTION

Hybrid organic-inorganic metal-halide perovskite solar cells (PSCs) have achieved a tremendous
rise in power conversion efficiency (PCE) from 3.8 %' to an impressive level of 25.2 %? in only
one decade. The most widely used lead (Pb)-halide perovskite material methylammonium lead
triiodide (MAPDI3) is a defect tolerant semiconductor with excellent optoelectronic properties and

can easily and inexpensively be processed from solution at low temperatures.>* The extraordinary



increase in PCE of small lab-devices was mostly driven by controlling the morphology of the
MAPDI; perovskite generally processed by spin coating which is limited in scalability.
Moreover, based on the extensive progress in processing perovskite thin films by scalable solution-

based printing techniques®® such as spray’~, blade!®?® and slot-die coating®*>?

or inkjet
printing*-4 the commercialization of PSCs comes into reach. However, using these printing
techniques to coat on upscaled substrates and to increase device active area is not trivial. The
performance of large-area perovskite solar modules still lacks behind in comparison to small lab-
devices.*> Here, we investigate blade coating as one of the most promising scalable printing
techniques because it is easy to handle, minimizes ink usage and is readily transferrable to slot-die
coating, which can be utilized in roll-to-roll (R2R) volume manufacturing.

In order to convert a wet film of perovskite precursor solution into the perovskite crystal structure,
the state of supersaturation has to be provoked in the wet film. This is accomplished by rapid
drying and quenching of the wet film. Four major quenching methods are established: anti-solvent-
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and gas-assisted quenching.!>***® The deposition of the

3839 or a two-step method.****-? Since anti-solvent

precursors is either implemented by a one-step
and vacuum techniques are not easily upscalable®!, heat-assisted and eco-friendly gas quenching
are considered as more promising methods.> For the case of heat-assisted perovskite conversion
at a temperature >120 °C, drying and crystallization happens at the same time and in less than
seconds. Thus, controlling the conversion and the resulting layer morphology is tremendously
challenging.*> Consequently, gas quenching at low temperatures, where drying and crystallization
are decoupled, has in our opinion the highest potential to be utilized for upscaling PSCs.

Typically, Poly(triaryl amine) (PTAA) 1is replacing the widely wused Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)*!>*3 as hole transport layer



(HTL) in planar inverted (p-i-n) PSCs because of its efficient carrier transport properties.> >’ PSCs
with PTAA mostly benefit from boosted open circuit voltage (Voc)*>*®> due to a proper energy
level alignment.%

However, PTAA is a non-polar polymer with a low surface energy and thus is highly hydrophobic,
which leads to severe dewetting of the subsequently deposited perovskite precursor solutions
containing polar solvents such as N,N-Dimethylformamide (DMF) or DMF/Dimethylsulfoxide
(DMSO) mixtures.®!~®* This is the case even on small lab-scale substrates.

Several techniques exist to enhance the PTAA surface energy and improve the perovskite
precursor solution wetting, from which the following three are the most established ones: 1) solvent
pre-wetting where the perovskite precursor solution containing solvent is applied prior to

perovskite deposition®”-3

, 1) oxygen or ultraviolet-ozone (UVO) plasma-treatment of the
PTAA®S and iii) addition of surfactants to the perovskite precursor solution such as L-a-
Phosphatidylcholine (LP).!® However, the disadvantages of each method are clear: Solvent pre-
wetting is mainly applied for spin coating and hardly applicable for blade coating of larger PTAA
covered substrates (>30x30 mm?) due to solvent shrinking leaving uncovered areas behind after
precursor solution deposition. The plasma can easily damage the HTL and alter its optoelectronic
properties consequently reducing device performance.***> Amphiphilic surfactants might change
the perovskite crystallization and adsorb predominantly at the surface of the perovskite layer®®-
hindering an unproblematic continuation of the device stack by solution processing since
dewetting of the electron transport layer (ETL), such as [6,6]-phenyl-Cs1-butyric acid methyl ester
(PCBM) in a non-polar solvent like 1,2-Dichlorobenzene (DCB), occurs.®’” Therefore, vacuum

15,16,44,68-70

deposition of the subsequent layers seems to be mandatory and the option of full solution

processing is excluded.



These major bottlenecks limit the development of low-temperature inverted planar PSCs and
modules and their upscaling via solution-based processing by scalable printing techniques like
blade coating. For this purpose, a different non-destructive surface modification procedure for non-
wetting HTLs such as PTAA is applied in this work.

Recently, we described nanoparticles (NPs) as a universal wetting agent for depositing perovskite
precursor solution on non-wetting materials.”' Thereby, non-conductive metal oxide NPs, like
aluminum oxide (Al203) or silicon oxide (Si02), were utilized between the perovskite and the
hydrophobic layer. The oxide NPs exhibit a high surface energy due to their large surface area to
volume ratio. Hence, the NPs increase the surface energy of the interface and act as capillary
features leading to a precursor solution wetting angle decline. This allows perovskite precursor
solutions to be perfectly spread over various hydrophobic films. In particular, 20 nm-sized SiO2
NPs showed superb wetting and photovoltaic performance.’”’”> Moreover, You et. al presented a
similar study applying Al203 NPs on PTAA.” This study revealed the proof of concept that oxide
NPs can improve wetting of the precursor solution on PTAA 7>

Nevertheless, all layers of the presented devices were deposited mainly in the standard (n-i-p)
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device architecture’">’~ and merely by hardly scalable spin coating’>>’* without a full investigation
on a scalable printing technique.

Here, we demonstrate the transfer of our universal nanoparticle wetting agent concept’! to scalable
gas stream-assisted blade coating of PSCs and modules in the inverted device architecture with
PTAA as HTL on large-area substrates. We utilize non-conductive SiO2 NPs blade coated from an

alcoholic dispersion between the highly hydrophobic PTAA and the perovskite layer to enhance

PTAA surface energy and thereby improve wetting and homogeneous spreading of the perovskite



precursor solution on the HTL. The NPs act as a wetting agent, prevent severe dewetting and thus
short-circuited devices due to pinholes in the perovskite layer.

In order to inhibit void formation at the HTL interface of gas stream-assisted blade coated
perovskite layers, the effect of blending small amounts of lead chloride (PbCl2) in the perovskite
precursor solution is investigated, which also improves reproducibility and device performance.
Furthermore, decreasing the HTL thickness leads to increased fill factor (FF). By implementation
of these optimizations, blade coated PSCs with 0.24 cm? active area achieve up to 17.9 % PCE. In
addition, to prove upscalability of the blade coated NP wetting agent concept, we analyze the
homogeneity of the perovskite layer in blade coating direction on enlarged substrates of up to
9x9 cm?. Moreover, by including the NPs in the device stack large-area modules reach maximum

PCEs of 12.8, 10.3 and 9.3 % on 3.80, 11.60 and 49.60 cm? aperture area, respectively.

RESULTS AND DISCUSSION

In this work, we fabricate PSCs in an inverted planar device architecture on glass consisting of
indium tin oxide (ITO)/PTAA/SiO2 NPs/Perovskite/PCBM/Bathocuproine (BCP)/silver (Ag)
(Figure 1a). A cross-section scanning electron microscopy (SEM) image of a typical solar cell

device in this study is presented in Figure 1b.
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Figure 1. (a) Schematic illustration of the inverted device stack with NPs at the PTAA/perovskite
interface. (b) SEM cross-section of a representative device (ITO/PTAA/SiO2
NPs/Perovskite/PCBM/BCP/Ag) with blade coated PTAA, SiO2 NPs and perovskite layer. The

NPs are marked in orange.

For deposition of the perovskite layer, we utilize gas stream-assisted blade coating in a nitrogen
(N2)-filled glovebox on 3x6 cm? substrates (Figure S1). This procedure can be divided in three
steps: 1) ink deposition via blade coating (step 1), ii) gas stream-assisted drying of the wet film
(step 2) and iii) thermal annealing of the dry film (step 3). Figure S2 displays a schematic
illustration of the drying process (step 2) representing the quenching inducing crystal nucleation.
Details on the procedure are given in the experimental section.

A pure DMF precursor solution is chosen due to the fact that a lower mass transfer coefficient of
the gas and slower gas stream speeds are required to dry the wet film compared to a solvent with
an even lower vapor pressure than DMF like DMSO or a solution mixture of both.*”-”> Moreover,
we selected a lead acetate (PbAcz)-based perovskite precursor solution since nucleation arises
faster compared to a Pblz-based one’® due to the available extra methylammonium (MA) and
therefore facile removal of methylammonium acetate (MAAc).”®”

In the following section, we present the analysis and optimization of the three engineering steps

of adjusting the concentration of SiO2 NPs, improving perovskite layer formation by utilization of



PbCl2 to achieve void-free films and modifying the PTAA thickness. Finally, large-area blade
coating and module fabrication are discussed.

Improved Wetting by SiO, Nanoparticles. The wetting of the perovskite precursor solution on
PTAA is improved when a critical degree of SiO2 NP coverage is exceeded. The concentration
resulting in optimal wetting properties needs to be identified for the case of blade coating.

We utilize alcohol for dispersing the NPs, since it represents an orthogonal solvent for PTAA and
is not damaging the HTL when blade coating the NPs on top. PCE and Voc values of PSCs with
SiO02 NP ethanol dispersions in concentrations ranging from 0.1 to 1.2 wt% blade coated at the
PTAA/perovskite interface are presented in Figure 2. An overview of the statistic distribution of
all characteristic photovoltaic device parameters is presented in Figure S3a. Figure S3b illustrates
the current density-voltage (J-}) data of corresponding record devices.

With increasing the SiO2 NP concentration, the number of short-circuited devices decreases. This
fact arises from an improved wetting of the perovskite precursor on PTAA and avoiding pinholes
in the perovskite layer (Figure S4). When choosing 0.9 wt%, the number of short-circuited devices
decreased from over 50 % to <10 % of total devices per batch. SEM top-view images in Figure S5
demonstrate the degree of SiO2 NP coverage on top of PTAA. The NPs exhibit a diameter of 20-
30 nm. The SiO2 NPs do not fully cover the PTAA even for the case of 1.2 wt%, therefore, no
continuous insulating layer is inserted in the device stack. In that case, series resistance (Rs) would
drastically increase resulting in decreased device performance as findings in our initial wetting

agent publication for spin coating the NPs indicate.”!
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Figure 2. Statistic distribution of PCE and Voc values of PSCs with blade coated SiO2 NPs in
different concentrated dispersions in ethanol. Shown values were measured in forward scan

direction.

When using a NP concentration >0.4 wt%, the coverage of NPs is adequate in order to achieve
sufficient wetting of the perovskite precursor solution causing no short-circuited devices. In
addition, the process window to achieve similar device performance is relatively broad. We
decided to continue device fabrication with 0.9 wt% NP dispersions as we observed the most
effective wetting and no loss in device performance.

Results of spectral transmittance measurements of pristine ITO, ITO/PTAA and ITO/PTAA/S102
NPs (Figure S6) indicate that the SiO2 NPs cause no parasitic absorption when adding in a device
stack.

Improved Perovskite Layer Formation and Morphology by PbCl; utilization. Utilizing
Chlorine (Cl) is known to be beneficial for improving the perovskite morphology.?’-’ Hence, we
investigate the effect of blending small amounts of PbCl: in the perovskite precursor solution in
order to improve the perovskite formation and morphology and to achieve void-free layers by gas

stream-assisted blade coating.



When using a pure PbAcz/methylammonium iodide (MAI) precursor solution, we observe flat
surfaces but voids in the perovskite layer toward the HTL interface (Figure 3a, d, g), if the wet
layer thickness is increased beyond a certain thickness, which correlates to a resulting dry layer
thickness of circa 250-300 nm.

By replacing at least 5 % (molar ratio) of the lead source in the precursor solution with PbClz, the
perovskite film morphology is improved by changing the crystallization dynamics and no voids
appear. Consequently, we accomplish homogeneous, dense and compact perovskite layers (Figure
3b, e, h). This investigation is also reported by Lee et al. for gas stream-assisted slot-die coating
of PbCl2-blended PbAc: trihydrate-based perovskite solutions.?’” Furthermore, when utilizing
PbClz, the mean perovskite grain size increases from circa 300 nm up to 1 pm and larger than 1 pm
in the case of 0 %, 10 % and 20 % PbCl>, respectively. This effect is well-known from literature
for chloride containing precursor additives such as PbCL’® and methylammonium chloride

(MACI).™
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10 % PbCl, 20 % PbCl,

Figure 3. SEM cross-section images of annealed perovskite layer deposited by gas stream-assisted
blade coating on top of blade coated PTAA/SiO2 NPs with different amounts of PbClz in a 44 wt%
perovskite precursor solution: (a) 0, (b) 10 and (c) 20 % molar ratio of the lead source. Voids at
the perovskite/HTL interface are circled in orange. (d) and (f), (e) and (h), and (f) and (i)

Corresponding 30 ° tilted images.

Using a PbCl> molar ratio of 10 or 20 % increases the root mean square (RMS) roughness of the
perovskite surface from circa 30 nm (0 % PbCl2) to approximately 70 and 80 nm, respectively. A
rougher perovskite layer is not generally detrimental to device performance as shown later, as long
as the subsequent PCBM layer can cover it completely. The appearance of this roughness change
is consistent with literature reports on films deposited from precursor solutions with increased
content of PbClz or pure PbCl2.”%77 In contrast to the optimum suggested by Lee et al. for slot-die
coating PbAc: trihydrate-based perovskite solutions?’, 20 % PbCl2 proves to be a too high content

for our case of blade coating. A molar ratio of already 10 % PbCl: causes tiny holes in the
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perovskite layer. When using 20 % PbClz the number and dimension of holes in the perovskite
layer increases even more (Figure 3c, f and i), which was reported by Qing et al. as well.”®

This effect of void formation follows a clear mechanism which is illustrated in Figure 4 and is
described as follows: When blade coating a film (Figure 4a) with a wet layer thickness exceeding
a critical number, a PbClz-free PbAc: precursor solution dries by fast removal of the highly volatile
byproduct MAAc and solvent molecules via the gas stream primarily at the solution/air interface.
This results in a solidification of the film surface. The wet film further dries from top to bottom
downward forming a solid shell, which results in trapped residual solvent and byproduct (Figure
4b). Consequently, full solvent evaporation during the annealing step results in voids near the
subjacent layer?”*® (Figure 4d) due to shrinking of the drying bottom part of the film beneath the
solid shell. Void formation is easily observed by eye indicated by a visible milky or grayish
appearance, when viewing the substrates from the glass side (Figure S7).

An effective way to prevent the void formation is to hinder the solid capping layer from building
up or removing the solvent before capping formation. When applying PbCl: in the perovskite
precursor solution, the quick solidification at the solution/air interface is prevented (Figure 4c) by
retarding the nucleation and crystallization rate of the precursor solution due to forming, in our
case of available extra MA, the byproduct MACI in solution. MACI then forms an intermediate
complex and solid-state solution with PbAc2 and MAI, respectively, enhancing the solubility of
perovskite in the solution.” Furthermore, MACI is a less volatile byproduct than MAAc and
thereby retards the crystallization process additionally.?”%%7” Consequently, no solid shell is
formed and solvent and byproducts can evaporate from the bottom of the wet film resulting in a
compact and homogeneous perovskite layer without voids (Figure 4e and f). If there is too much

PbCl2 applied, the roughness increases over a decisive limit causing holes in the annealed film
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(Figure 4g).”¢ In addition to PbClz, DMSO and ammonium chloride (NH4Cl) can act in a similar

way to achieve void-free perovskite coverage by blade coating.®-3
a b solid shell Top-down drying
Precursor —) Without
PbCl,
Without PbCl, Voids at interface Voids at interface
o Uniform drying Uniform crystallization Shrinkage after annealing

of PbCl,

With PbCl, No voids at interface  No voids at interface Film without voids

° © . ,

Holes in perovskite film

Step 1: Ink Deposition Step 2: Gas Stream-Assisted Drying Step 3: Thermal Annealing

Figure 4. Schematic depiction of the three steps of gas stream-assisted blade coating describing
the evolution of a perovskite layer on PTAA/SiO2 NPs during (a) ink deposition via blade coating
(step 1), gas stream-assisted drying (step 2) (b) without PbClz or (c) with PbClz, and thermal
annealing (step 3) (d) without PbClz, with (e)-(f) right amount of PbCl2 or (g) too much PbClz in

the precursor solution. Adapted from Ref. %

X-ray diffraction (XRD) measurements are conducted to investigate the crystal structure of the
resulting perovskite with and without PbCl: in the precursor solution (Figure S8). XRD patterns
reveal merely a minimal increasing shift of the main peak positions of the tetragonal perovskite
structure toward higher diffraction angles in the diffractogram of the sample including PbCl2
compared to the sample without PbClz. This would attribute to a smaller crystal lattice. These
results indicate that no chloride ions (CI°) or only a minor portion of them seem to be incorporated
in the perovskite crystal lattice. Hence, we assume that the chloride ions might largely leave the
drying film via sublimation of volatile MACI in combination with MAAc. The sample without

PbCl2 in the precursor solution exhibits voids at the perovskite/PTAA interface resulting in
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additional peaks right in front of the tetragonal perovskite peaks, mainly the {110} and {220},
which can be attributed to the cubic phase of perovskite (Figure S8b).

Furthermore, the incorporation of the SiO2 NPs in the device stack results in similar crystallinity
and peak position when comparing both XRD pattern of samples with 5 % PbClz (Figure S8a).
This confirms no influence of the blade coated NP wetting agent on perovskite crystallization.

In order to investigate, if some chloride ions remain in the semiconductor film, time-of-
flight secondary ion mass spectrometry (TOF-SIMS) was conducted on annealed perovskite layers
with different PbCl2 content in the precursor solution. TOF-SIMS studies reveal that the blended
CI is less located in the semiconductor bulk, but accumulates at the surface and mainly near the
ITO/PTAA interface (Figure S9). The CI distribution caused by ion diffusion is conform to reports
in literature on spin coated samples independent of substrate and device configuration.®!™®3
Additionally, the top-view TOF-SIMS images indicate a continuous increase of grain size in
samples with a PbClz content from 0 to 10 %, which was already identified in SEM images (Figure
3). It should be noted, that we investigated only perovskite layers on ITO/PTAA/SiO2 NPs with
TOF-SIMS. When investigating full solar cell device stacks, especially after measuring J-V
characteristics, the location of CI" might be different due to electrical field dependent migration of
the chloride ions.

Due to the high ionization yield of chloride ions in TOF-SIMS and their generally low detection
in our samples, the TOF-SIMS analysis supports the assumption made from XRD data, that the
majority of chloride ions leave the absorber film during drying and are not incorporated into the
crystal lattice.

PbCl2 containing precursor solutions are utilized in gas stream-assisted blade coated PSCs and

thereby PCEs of up to 15 % are reached. An overview of the statistic distribution of all
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characteristic photovoltaic device parameters of PSCs with different contents of PbCl: in the
precursor solution is presented in Figure S10a. J-V data of corresponding record devices is
illustrated in Figure S10b.

Although the samples with no PbCl: exhibit voids toward the HTL, surprisingly, such solar cells
showed PCEs of up to 14.7 %. Nevertheless, voids result in decreased coverage which reduces the
device working area and can cause charge recombination and a leakage current increase.?’” PSCs
fabricated from precursor solutions containing 5 % PbCl2 exhibit lower Rs of circa 1.6 Q in
contrast to devices excluding PbClz (4.3 Q cm?). This fact is most likely related to the increased
contact area due to avoiding void formation. The Voc of devices with PbClz slightly drops to
1.05 V from circa 1.10 V for devices without PbCl.. However, the median FF is increased from
less than 70 % to 75 %. Moreover, when applying 5 % PbClz, the reproducibility over different
experimental batches is increased as well. Randomly distributed tiny holes in the perovskite and
increased roughness (Figure 3) for the case of 10 % PbCl2 result in a broad distribution of FF and
Voc, a slight increase in Rs (2.3 Q cm?) and hysteresis and an unstable power output during
maximum power point (MPP) tracking (Figure S10c).

When using 5 % PbClz in the precursor solution, the perovskite layer thickness can be increased
to over 400 nm without the formation of voids. By adjusting the thickness of void-free perovskite
layers, we increase short-circuit current (Jsc) of the PSCs and thereby reach PCEs of up to 17 %.

The perovskite thickness was adjusted by varying the blade coating speed resulting in an increase
of active layer thickness from circa 200 to up to 400 nm (Figure S11). An overview of the statistic
distribution of all characteristic photovoltaic device parameters of PSCs with four different coating
speeds is presented in Figure S12a. J-V data of corresponding record devices is illustrated in Figure

S12b.
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With higher active layer thickness, Jsc values rise from circa 15 to 20 mA cm™. Simultaneously,
the Voc of devices is continuously increasing with perovskite layer thickness from 1.00 to over
1.05 V. Consequently, the resulting PCEs rises from 7 to up to 17 %. Steady-state measurement
of PCE during MPP tracking over a period of 5 min shows stable power output of corresponding
representative solar cells (Figure S12c¢).

Increasing the coating speed to values greater than 20 mm s™! leads to an explicit increase in surface
roughness and therefore insufficient PCBM covering.

Improved Solar Cell Performance by Modifying the Hole Transport Layer Thickness. Since
earlier tests revealed, that more uniform PTAA layers are accomplished when blade coating at
higher substrate temperatures instead of the standard room temperature similarly to a recent
report®’, we re-optimize the PTAA thickness using a substrate temperature of 50 °C. Thereby, a
champion PCE of 17.9 % was reached.

The concentration of PTAA in DCB was tuned from 5 to 10, 15 and 20 mg mL"! correlating to
layer thicknesses of approximately 8, 20, 30 and 75 nm (Figure S13), respectively. Figure S14
illustrates the appearance in color of the different thick layers. An overview of the statistic
distribution of all characteristic photovoltaic device parameters of PSCs with varying PTAA
thickness is presented in Figure S15a. J-V data of corresponding record devices is illustrated in
Figure S15b.

Using the lowest PTAA concentration results in highest PCE values mainly due to a boosted FF
close to and over 80 %. Furthermore, Jsc is dropping from 20.0 to 18.5 mA c¢cm™ with increasing
PTAA layer thickness. The results are in excellent agreement with literature.’*%¢ Steady-state
measurement of PCE during MPP tracking over a period of 5 min shows stable power output of

corresponding representative solar cells (Figure S15¢).
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In our study, a champion perovskite solar cell PCE of 17.9 % on an active area of 0.24 cm? with
no hysteresis was achieved for the PTAA concentration of 5 mg mL! (Figure S15d). This fact
confirms the successful transfer of our NP wetting agent concept to scalable gas stream-assisted
blade coating and solution-processed PSCs in the inverted device architecture with PTAA as HTL.
The Jsc values obtained from J-V curves of a typical device in this study differ from values
calculated from external quantum efficiency (EQE) measurements (Figure S16). Typically, the
integrated Jsc values exceed the ones extracted from J-¥ curves by circa 1 mA cm indicating that
current numbers presented in the device studies of this work are actually underestimated.
Large-Area Blade Coating and Module Fabrication. In order to prove the scalability of our
concept using blade coated NPs as wetting agent, we produce perovskite layers and modules on
larger PTAA areas.

Figure S17a shows a photographical image of annealed perovskite films deposited via gas stream-
assisted blade coating on Glass/ITO/PTAA/SiO2 NPs substrate with sizes of 3x6 cm?, 5x8 cm?
and 9x9 cm?. The perovskite layers indicate no dewetting and pinholes on the hydrophobic PTAA,
which clearly proves the scalability of the wetting agent concept. By means of the blade coated
NPs, upscaling the PTAA substrate size is in principle possible even on larger areas than 9x9 cm?.
However, this size represents the technical limit of our setup. When coating on 9x9 ¢cm? substrates,
a film thickness and roughness decline in blade coating direction is observed (Figure S17b)
because of missing continuous solution feeding.

Since accomplishing thickness homogeneity over larger areas becomes more and more
challenging, blade coating parameters have to be adjusted precisely. When keeping the solution
concentration and gap height constant, the thickness over large areas can be mainly adjusted by

changing the applied solution volume and coating speed.
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In order to quantify the large-area perovskite homogeneity, we prepared 9x9 cm? substrates with
four different parameter sets of applied volume (50 uL and 60 pL) and coating speed (10 mm s!
and 20 mm s™!). After gas stream-assisted blade coating, four 15x15 mm? substrates with two PSCs
(0.24 cm?) each consecutively located in coating direction are cut out of each 9x9 cm? sample. A
schematic top-view illustration of the selected substrates is displayed in Figure 5a. An overview
of the column graphs of all characteristic photovoltaic device parameters of two PSCs at each
corresponding position is presented in Figure S18a. Furthermore, we measured and plotted the

RMS roughness, perovskite film thickness d and the Jsc of corresponding PSCs (Figure 5).
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2

Figure 5. Homogeneity study on 9x9 cm~ substrates with four different perovskite coating

parameter sets of applied volume (50 pL and 60 pL) and blade coating speed (10 mm s and

% substrates

20 mm s™): (a) Schematic top-view illustration of one substrate. Four 15x15 mm
(marked in colors) consecutively located in blade coating direction (blue arrow) are selected and
utilized for measuring the corresponding J-V data. (b) Root mean square (RMS) roughness, (c)

annealed perovskite film thickness d and (d) Jsc values extracted from forward scans of two PSCs

at each corresponding position marked in (a).

The resulting device Jsc correlates with both, RMS roughness and layer thickness d. When d is
increased, Jsc values rise as expected. However, with increasing d, RMS roughness rises as well,
which can limit the Jsc due to insufficient PCBM covering. Furthermore, Voc and FF values
correlate with the Jsc (Figure S18a).

In the case of 60 uL with 20 mm s, the perovskite precursor wet film is very thick in the beginning
of the blade coating process. This results in an annealed layer thickness of 840 nm with a high
RMS roughness of 140 nm (position 1). Both values decrease to 670 nm and 100 nm at the next
substrate in coating direction (position 2), respectively. However, the ETL PCBM is not
completely covering the roughness of the perovskite layer (position 1 and 2), which most likely
explains the lower Jsc of 17.5 and 18.9 mA cm™ compared to 19.9 and 20.0 mA cm at position
3 and 4 (Figure 5d). This is the case, although d is lower at the latter two positions (Figure 5c).
When comparing position 3 and 4, the perovskite thickness and roughness keeps almost stable in
coating direction.

If using a lower amount of applied volume with a higher coating speed (50 uL and 20 mm s™'), the
decrease of roughness and d is similar to the first case: The roughness is circa 110 nm at the

beginning of coating, which causes low Jsc (position 1), and decreases rapidly with d resulting in

19



a film thickness of 544 and 462 nm (position 2 and 3), respectively. Since coating at 20 mm s™!
implicates a higher usage of solution compared to 10 mm s™!, thin layers of below 335 nm (position
4) follow (Figure 5c). This correlates to low Jsc values at position 4 (Figure 5d).

By using the parameter set of 60 uL with 10 mm s™!, the deviation in roughness, d and Jsc over
position 1 to 4 is already strongly decreased.

However, the best compromise between constant roughness, layer thickness d and Jsc values over
all four positions is given for the fourth parameter set (50 pL and 10 mm s™). For this case,
comparable maximum PCE values of close to 17.0 % with least Jsc loss in coating direction of
<2 mA cm, caused by an absolute reduction in d of only less than 75 nm, are reached. This fact
is also demonstrated by each standard deviation of all characteristic photovoltaic device
parameters combining position 1-4 on one 9x9 cm? substrate (Figure S18b). Hence, we decided to

define this parameter set as standard for module fabrication on 9x9 cm? substrates.

Moreover, in order to test the perovskite homogeneity perpendicular to the coating direction and
by implementing the blade coated NP wetting agent, we are able to fabricate large-area modules
on substrate sizes of 3x3 cm?, 5%5 cm? and 9x9 cm? (Figure S19). The resulting module aperture
areas are 3.80 cm?, 11.60 cm? and 49.60 cm?, respectively. The geometric fill factor (GFF) of the
modules is approximately 92 %.

The module efficiency and PCE uniformity over all subcells were tested by measuring different
numbers of up to 16 subcells connected in series (Figure 6).

The distribution of PCE is relatively homogeneous over all subcells in the modules with different

substrate sizes and module aperture areas.
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Figure 6. (a), (c) and (e) Overview of PCE and Voc distribution of different numbers of subcells
connected in series and (b), (d) and (f) J-V curves measured in forward and reverse scan direction
of perovskite modules with different substrate sizes, module aperture area and number of subcells:

(a) and (b) 3x3 cm? substrate size with module aperture area of 3.80 cm? and 4 subcells, (c) and
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(d) 5%5 cm? substrate size with module aperture area of 11.60 cm? and 8 subcells and (e) and (f)

9x9 cm? substrate size with module aperture area of 49.60 cm? and 16 subcells connected in series.

The module Voc is adding up with each additional subcell connected in series to a final Voc of 4.1,
8.2 and 16.3 V on 3.80, 11.60 and 49.60 cm? aperture area (Figure 6a, ¢ and e), respectively,
indicating an ideal serial interconnection. These modules reach maximum efficiencies of 12.8,
10.3 and 9.3 % in forward scan direction with slight hysteresis (Figure 6b, d and f).

All these facts again prove that the concept of blade coating the NP wetting agent on hydrophobic

HTLs such as PTAA is suitable for upscaling inverted PSCs and modules.

CONCLUSION

Based on our recent publication on a universal NP wetting agent for perovskite precursor solutions
on non-wetting materials via spin coating, we here show for the first time its transfer to scalable
gas stream-assisted blade coating of solution-processed PSCs and modules in the inverted device
architecture with PTAA as HTL on large-area substrates. However, we avoid detrimental
techniques to enhance the PTAA surface energy such as pre-wetting, plasma treatment or
surfactants. In this work, we utilize blade coated non-conductive SiO2 NPs between the highly
hydrophobic PTAA and the perovskite layer. The NPs enhance the PTAA surface energy, thus,
wetting and homogeneous spreading of the precursor solution on the HTL is strongly improved so
that pinholes in the perovskite and thereby short-circuited devices are prevented. Three major
optimizations result in improved reproducibility and device performance of up to 17.9 % PCE of
blade coated PSCs with 0.24 cm? active area: 1) adjusting the NP dispersion concentration, ii)
blending small amounts of PbCl: in the perovskite precursor solution in order to improve

perovskite layer formation by inhibiting void formation at the HTL interface and iii) adjusting the
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HTL thickness which increased the FF. In addition to prove scalability of the blade coated NP
wetting agent concept, we show perovskite blade coating on enlarged substrates of up to 9x9 cm?.
Furthermore, we reason that blade coating parameters such as applied solution volume and coating
speed are highly crucial for the perovskite layer homogeneity in coating direction and device
performance on large substrates. Moreover, by implementing the blade coated NP wetting agent
in the device stack modules reach maximum PCEs of 12.8, 10.3 and 9.3 % on 3.80, 11.60 and
49.60 cm? aperture area, respectively.

Transferring the coating process from blade to slot-die coating can improve the film homogeneity
in coating direction on large substrates due to continuous solution feeding. In conclusion, the route
of blade coating our NP wetting agent to enhance wetting on large-area hydrophobic substrates
provides an extremely useful tool for upscaling perovskite deposition by scalable printing

techniques, which brings solution processing of inverted PSCs closer to application and market.

EXPERIMENTAL SECTION

Materials. Soda lime float glass substrates coated with a 150 nm thick indium-doped tin oxide
(ITO) layer (<15 Qsq!) were purchased from Vision-Tec. Dry lead acetate (Pb(CH3COO):,
PbAc2, >98.0 %) was purchased from TCI. Methylammonium iodide (MAI, >99 %) was
purchased from Greatcell Solar Materials. Lead chloride (PbClz, 98 %), solvents such as N,N-
Dimethylformamide (DMF, anhydrous, 99.8 %) and 1,2-Dichlorobenzene (DCB, anhydrous,
99 %), Bathocuproine (BCP, sublimed grade, 99.99 %) were purchased from Sigma-Aldrich.
Ethanol (anhydrous) was purchased from VWR. Poly(triaryl amine) (PTAA) was purchased from
EM Index. [6,6]-phenyl-Csi-butyric acid methyl ester (PCBM, 99.0 %) was purchased from

Solenne BV. All chemicals were used as received without further purification.
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Nanoparticle Synthesis. The SiO> NPs in alcohol were synthesized following Bogush et al.®’
using fixed amounts of 2.717 mL of ethanol, 101 pL of ammonia, 114 pL tetraethyl orthosilicate
and 27 pL deionized water (H20).”! After stirring at 30 °C for 3 hours, the weight concentration
of the stock dispersion was 1.2 wt% in ethanol. For the desired concentration, the nanoparticle
stock dispersion was freshly diluted with ethanol. Normally, a 0.9 wt% concentration was utilized
for blade coating. The size distribution and coverage of the NPs was checked by SEM. The NPs
exhibit a diameter of approximately 20-30 nm. The stock solution was renewed circa every one to
two months due to possible agglomeration of NPs forming clusters during storage which might

decline the wetting properties.

Perovskite Precursor Solution Preparation. A 44 wt% perovskite precursor solution with PbAc:
mixed with MAI in a molar ratio of 1:3 was utilized. Usually, 5 % molar ratio of the lead source
in the precursor materials was replaced by PbCl: to avoid void formation in the resulting perovskite
layer. The precursor mixture was dissolved in DMF. After stirring the solution at 60 °C for 90 min,

the solution was cooled down to room temperature and was utilized after circa 3 hours.

Gas Stream-Assisted Blade Coating of Perovskite Layer. The applied blade coating speeds are
in the Landau-Levich regime where a wet film forms after the blade moves away.!'!"'®After blade
coating (step 1), the wet film is dried by a laminar N> gas stream similarly to examples reported in
literature.*4-8 The wet film is dried for a period of 3 min (step 2) in order to guarantee that it is
completely dry before being subsequently converted to the perovskite crystal structure by thermal

19454775 are used here to confirm

annealing (step 3), even though no in-situ drying measurements
this. Figure S20 displays the different stages of fabrication of the perovskite film after each step.

Depositing the perovskite layer was performed by blade coating the precursor solution via a blade

coater (Automatic Research, TFC200 Thin Film Coater) and commercial height adjustable blade
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(Zehntner Testing Instruments, ZUA 2000 Universal Film Applicator) inside a N2-filled glovebox.
The substrate and blade coater plate temperature were kept at 40+5 °C. The gap height was fixed
at 100 pm, the coating speed between 10 and 20 mm s™! and a volume between 15 and 20 pL of
the precursor solution (room temperature) was applied. After the deposition and a delay time of
20 s, the wet film was dried on the blade coater plate by a laminar N2 gas stream changing its color
to brown in less than 1 min. The laminar gas stream (4.5 bar, 20 L min™') was generated by a slot-
die (Automatic Research, SC80) with a width of 88 mm and a slit width of 125 um. The distance
from the outlet of the slot-die to the blade coater plate was 1.2 cm and circa 4-5 cm to the substrate.
The resulting N> blowing speed over the substrate was 3 to 4 m s' measured by a flowmeter.
Afterwards, the substrates were transferred to a hot plate and were annealed at 100 °C for 10 min
inside the glovebox so that dry films are fully crystallized to a perovskite structure.

Device Fabrication. Laser patterned ITO substrates with dimensions of 3x6 cm? were cleaned by
blowing with nitrogen. After treating the substrates with argon plasma for 2 min at 30 W
(0.38 mbar), a solution of PTAA in Dichlorobenzene with concentrations ranging from 5 to
20 mg mL"! was deposited by blade coating on ITO in ambient conditions (19-22 °C, relative
humidity 30-50 %). The substrate and blade coater plate temperature was 50 °C. A solution volume
of 15 uL was utilized. The coating speed was 15 mm s™! and the gap height was adjusted to 80 pum.
Subsequently, the PTAA layer was annealed at 100 °C for 10 min.

Thereafter, a 0.1 to 1.2 wt% dispersion of SiO2 nanoparticles in ethanol (10 nL) was deposited on
the PTAA surface by blade coating at 5 mm s, 80 um gap and at room temperature in ambient
conditions (19-22 °C, relative humidity 30-50 %). The NPs were dried at 100 °C for 10 min. For

blade coating PTAA and the SiO2 NPs a commercial height adjustable blade (Zehntner Testing
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Instruments, ZUA 2000 Universal Film Applicator) on a blade coater (Zehntner Testing
Instruments, ZAA 2300 Automatic Film Applicator) was utilized.

After the NPs have been deposited, the substrates were transferred into a N2-filled glovebox. The
deposition of the perovskite layer was performed via gas stream-assisted blade coating described
above. Subsequently, the 3x6 cm? substrates were transferred out of the glovebox and were cut in
pieces of 15x15 mm?.

Spin coating the ETLs consisting of PCBM and BCP was performed in a spin coater (Laurell, WS-
650-23B) inside a N»-filled glovebox. A 40 mgmL™"' concentrated PCBM solution in
Dichlorobenzene was spin coated with a two-step recipe comprising 1000 rpm for 35 s and
4000 rpm for 5 s. The solution was kept stirring at 60 °C during processing and was applied hot.
A volume of 30 pL was utilized for each substrate. Afterwards, 40 uL of a 1 mg mL™! concentrated
BCP solution in ethanol was spin coated on top of PCBM at 3000 rpm for 34 s.

To finalize the devices, a 120 nm thick Ag electrode was thermally evaporated under high vacuum

conditions (<10 mbar) through a metal aperture mask defining a device active area of 0.24 cm?.

Module Fabrication. To fabricate modules with serially interconnected cells, ITO substrates
(3%6 cm?, 5x8 cm? and 9x9 cm?) were laser patterned with parallel P1 lines with 5 mm spacing
and subsequently etched with hydrochloric acid (HCI). Thereby, 19 mm, 29 mm and 62 mm long
cells of the modules with 3x3 cm?, 5x5cm? and 9x9 cm? substrates, respectively, were
accomplished. After etching, the substrates were sequentially cleaned in an ultrasonic bath of
acetone, isopropanol, deionized H20 and isopropanol for 10 min each. Afterwards, all layers were
deposited as described in the device fabrication section except the applied volumes of the
perovskite precursor solution for the 5x8 cm? and 9x9 cm? substrates were adjusted. Moreover,

after depositing the perovskite layer and breaking a 1.5 cm wide piece on each sides off the
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3x6 cm? and 5x8 cm? substrates, the applied volumes of the corresponding solutions for finishing
the 3x3 cm? and 5x5 cm? modules were changed as well. To insure single subcell contacting, all
solution-processed layers were removed from ITO at least at two opposite edges of the substrate
before Ag evaporation. Then, P2 lines were laser patterned to expose the ITO layer next to the P1
line in a distance of 100 um. An approximately 120 nm thick Ag electrode was deposited by
thermal evaporation exclusive of the cleaned exposed ITO areas, thereby filling the P2 trenches
and thus connecting the module subcells. The monolithic interconnection was finalized by the P3
line which was mechanically scribed in a distance of 100 pm next to the P2 line removing all layers
except the ITO layer. The lateral extension of the dead width from the P1 to P3 line is circa 425 pm
resulting in a module GFF of approximately 92 % (Figure S21). The module aperture area is
defined as active together with the dead module area. The aperture area of the modules with
3x3 cm?, 5x5 cm? and 9x9 cm? substrate size is 3.80 cm?, 11.60 cm? and 49.60 cm?, respectively.
The active area of each subcell of the module is defined by the distance between the P3 and P1

line and the length of the unetched ITO.

Device Characterization. Photovoltaic device and module performance were measured with a
source meter (Keithley, 2400) at a scan speed of 0.28 V s™! in ambient air under illumination of
standard test conditions by a class AAA solar simulator (Wacom, WXS-90S-L2 Super Solar
Simulator), which was calibrated by means of a silicon cell to 1000 W m™ (AM 1.5G). In the case
of single cells, we measured from -0.2 V to +1.5 V and vice versa, respectively. The devices were
annealed at 90 °C for 10 to 20 s and cooled down to room temperature right before measuring. No
light soaking or biasing was applied to the devices before recording the J-V characteristics. The
PSCs were kept at 25.0 °C during the measurements. The steady-state measurement of PCE during

dynamic MPP tracking was accomplished by continuously adjusting the applied voltage.
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Scanning Electron Microscopy (SEM). A scanning electron microscope (Zeiss, Gemini 2
Crossbeam 550) was used to obtain top-view and cross-section SEM images utilizing an in-lens

detector.

Time-of-flight Secondary Ion Mass Spectrometry (TOF-SIMS). The depth profiles of
substrates with perovskite films were measured with a TOF-SIMS setup (ION-TOF GmbH, TOF-
SIMS 5). Pulsed primary ions from a 30 keV Bi" liquid-metal ion gun were used as an analytical
source, and a 1 keV Cs" source was utilized as a sputtering ion source. The TOF-SIMS depth
analysis was performed on a 50x50 pm? area in the so-called spectrometry mode inside a 200200
um? sputtering crater. For the 2D surface images, the Bi* liquid-metal ion gun was used in the so-
called fast imaging mode on a 20x20 pm? area. 3D tomography was performed on a 20x20 um?
analysis area in the so-called delayed extraction mode but additionally with the Cs" sputter source

(1 keV, 200x200 pm?). The depth of the 3D cube is approximately 360 nm.

External Quantum Efficiency (EQE). The EQE data was determined with an EQE system
(Bentham, PVE300) without light- or voltage-bias. The spectral range of the measurements was
from 300 to 850 nm. The setup was calibrated with a standardized silicon photodiode (300-

1100 nm) prior to the measurements. The measurement spot size was 0.05 cm?.

X-Ray Diffraction (XRD). The XRD data (26 scan, 10-70 °) was collected via a diffractometer
(Panalytical, Empyrean) in Bragg-Brentano geometry with a Cu Ka radiation source. Acceleration

voltage and current were set to 40 V and 40 pA, respectively.

Transmittance. The transmittance spectra were measured with a spectrophotometer

(PerkinElmer, Lambda 900). The incidence of light was from the glass side.
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Surface Roughness and Thickness. The root mean square (RMS) roughness of the surface of
perovskite layers and their thicknesses were measured with a color 3D laser scanning confocal

microscope (Keyence, VK-9710) with 50x magnification.
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