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The scalability of highly efficient organic—inorganic perovskite solar cells (PSCs) is one of the major
challenges of solar module manufacturing. Various scalable methods have been explored to strive for
uniform perovskite films of high crystal quality on large-area substrates, but each of these methods has
individual limitations on the potential of successful commercialization of perovskite photovoltaics. Here,
we report a fully scalable hybrid process, which combines vapor- and solution-based techniques to
deposit high quality uniform perovskite films on large-area substrates. This two-step process does not
use toxic solvents, and it further allows easy implementation of passivation strategies and additives. We
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Accepted 18th October 2021 fabricate PSCs based on this process and use blade coating to deposit a SnO, electron transporting layer
and Spiro-OMeTAD hole transporting layer without halogenated solvents in ambient air. The fabricated
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Introduction

Organic-inorganic halide perovskite solar cells (PSCs) have shown
tremendous advancements in the past ten years, now reaching
certified power conversion efficiency (PCE) of 25.5%," which is close
to the record efficiency of crystalline silicon solar cells (26.7%).2
This rapid development can be mainly attributed to the excellent
optoelectronic properties of the perovskite material, which include
high optical absorption coefficients, long carrier diffusion lengths,
high charge carrier mobility, and to the development of facile
perovskite fabrication methods due to the extraordinary defect
tolerance of perovskites.>® Furthermore, by changing the chemical
composition of the perovskite compound, the optical band gap can
be tuned broadly for tandem device applications,® such as perov-
skite/c-Si,'"*** perovskite/CIGS™™** and all-perovskite tandems.*"”
One of the major challenges towards successful commer-
cialization of perovskite photovoltaics is the fabrication of every
layer of the PSC by scalable deposition methods and demon-
stration of high performance devices on a large area. At present,
the perovskite layer of most efficient PSCs is fabricated by spin
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good uniformity on 5 cm x 5 cm substrates.

coating and using an anti-solvent dripping method to obtain
compact, pinhole-free perovskite layers of high optoelectronic
quality.'®' However, spin coating is not cost-effective due to its
high solution waste, as up to 90% of the dripped solution can be
ejected during spinning.*> Moreover, films fabricated by spin
coating are not uniform from the center to the corner, which
exaggerates for large-area substrates (>10 cm x 10 cm).>* Ulti-
mately, spin coating is not suitable for large area in-line and
continuous roll-to-roll (R2R) high throughput production
processes. Thus, it is desirable to develop alternative scalable
deposition methods for scaling up the perovskite
photovoltaics.?*>*

In recent years, several industrially scalable deposition
methods have been developed to deposit uniform perovskite
films on large-area substrates, which are compatible with high
throughput productions. Generally, these scalable deposition
methods can be divided into solution- and vapor-based tech-
niques. Solution-based methods, such as blade coating,**** slot-
die coating,””*® inkjet printing,“* and spray coating,* offer the
possibility to mix additives into the precursor solution to
control the film formation and enhance the morphology.”**
Moreover, various passivation strategies that are essential for
improved efficiency and stability can be easily implemented as
well.*®> Among the solution-based methods, blade coating is
a promising, scalable technique due to its excellent material
usage rate (~95%) and high throughput capabilities.** Over the
past few years, Huang's group has developed various strategies
to improve the film uniformity over large areas as well as the
device performance, including compositional engineering,**

This journal is © The Royal Society of Chemistry 2021
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surfactants,® dopants,* additives,® and solvents.** Recently,
the same group discovered a substantial void fraction in the
buried perovskite/hole transporting layer interface induced by
trapped dimethyl sulfoxide (DMSO) during film formation. The
interfacial void fraction was reduced by partially substituting
DMSO with solid-state carbohydrazide to achieve 23.6% effi-
cient p-i-n PSC and 19.2% efficient mini-module with an
aperture area of 50 cm?” by blade coating.?” However, to dissolve
the inorganic halide precursors, solvents like 2-methoxyethanol
(2-ME) or alternatively, N,N-dimethylformamide (DMF) are
usually used.®*® These solvents (2-ME, DMF) have been known
for their reproductive toxicity (Category 1B, H360), bearing risk
to workers and the environment.***** Moreover, it is challenging
to form conformal films on rough surfaces, needed for mono-
lithically integrated perovskite/silicon or perovskite/CIGS
tandem solar cells."** These drawbacks could be overcome®®
by using vapor-based techniques.**** These solvent-free tech-
niques could conformally coat on non-planar surfaces over
large-area substrates.*® For example, Li et al. co-evaporated
methylammonium iodide (MAI) and lead iodide (Pbl,) to
obtain PSCs with PCE of 20.28% for a 0.16 cm” small-area device
and 18.13% for a 21 cm? perovskite mini-module.* Liu et al.
sequentially evaporated Pbl,, formamidinium iodide (FAI) and
cesium iodide (CslI) to fabricate uniform and high quality
perovskite films on glass (400 cm?) and flexible (300 cm?)
substrates.”” The small-area (0.09 cm”) devices on the rigid
substrate achieved PCEs between 19.50 and 20.50%. Although
the uniformity of vapor-based techniques is impressive, it is
very challenging to implement passivation strategies or
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controlling the perovskite composition that is essential for high
performance and superior stability.*®

In this work, we report a novel and scalable fabrication
process of the perovskite film that combines the merits of the
scalable solution- and vapor-based deposition methods,
including facile compositional engineering to broadly tune the
bandgap, and more importantly the avoidance of using toxic
solvents. This hybrid process is composed of three steps. First,
the inorganic halide precursors are sequentially deposited by
solvent-free, physical vapor deposition (PVD). Next, the mixed
solution of organic halide precursors in isopropanol is blade
coated onto the heated inorganic halide template to obtain the
perovskite film in ambient air, followed by thermal annealing to
promote grain growth. We systematically vary the processing
conditions of the perovskite absorber to gain insights into the
perovskite formation mechanism during the PVD/blade coating
process. Furthermore, in conjunction with blade coated charge
transporting layers (SnO, and Spiro-OMeTAD), the optimized
devices achieved high open-circuit voltage (Vo) up to 1.16 V for
a perovskite with an optical band gap of 1.56 eV and a PCE up to
18.7%, which is the highest reported efficiency of solution-
based PSCs using green solvents only.

Hybrid PVD/blade coating fabrication
process for scalable perovskite films

Fig. 1a shows the schematic of the scalable PVD/blade coating
process to fabricate the perovskite layer. This hybrid process is

Annealing

Fig.1 Hybrid PVD/blade coating process for perovskite layers and morphology after each step. (a) Schematic of the three steps of the PVD/blade
coating fabrication process. SEM top and cross-section view images after each fabrication step: (b) and (e) after evaporation, (c) and (f) after blade

coating and (d) and (g) after thermal annealing. The scale bar is 500 nm.
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composed of three steps. In the first step, the inorganic halide
template is sequentially deposited by thermal evaporation on
transparent conducting oxide coated substrates with an elec-
tron transporting layer (SnO,). This template consists of
a 300 nm thick lead iodide (Pbl,) layer on top of a 15 nm thin
cesium iodide (CsI) layer. In the second step, the organic halide
precursor solution, composed of formamidinium iodide (FAI),
methylammonium bromide (MABr), and methylammonium
chloride (MACI) dissolved in isopropanol, is blade coated on the
inorganic halide template at a substrate temperature of 65 °C.
In the last step, thermal annealing at 150 °C for 15 min is
performed in ambient air to promote crystal growth to reduce
the grain boundaries and to obtain a compact perovskite film
with a large grain size. For the studies on the film formation and
composition as well as for the fabrication of PSCs, we use the n—
i-p architecture with blade coated tin oxide (SnO,) as the
underlying electron transporting layer.

Morphology and crystallinity of the
perovskite film

In Fig. 1b-g, scanning electron microscopy (SEM) images depict the
film morphology after each step of the PVD/blade coating process.
Additionally, we provide SEM images of Csl layer to unveil its
morphology in Fig. S1.T As shown in Fig. 1b the evaporated Pbl,
layer is composed of mixed rounded and elliptical plate-shaped
grains of around 30 nm to 120 nm size. The cross-section view
(Fig. 1e) shows the layer stack with Pbl, (300 nm), CsI (15 nm), SnO,
(35 nm) and hydrogenated indium oxide (IOH, 480 nm). The
inorganic halide template has a smooth and uniform morphology,
which is beneficial for pinhole-free perovskite films.** The XRD
pattern in Fig. S27 shows a sharp diffraction peak at 12.7°, which
corresponds to Pbl,.** After blade coating the organic halide solu-
tion, the Pbl, peak decreases and simultaneously, a new diffraction
peak at 14.1° emerges, indicating a-phase perovskite even before
thermal annealing. Fig. 1c shows the SEM top view of the as-
deposited perovskite film, subsequently after the blade coating
step. The perovskite grains have a diameter between 100 and
500 nm without voids. The cross-section view (Fig. 1f) shows lots of
small grains and the perovskite thickness is approximately twice
the thickness of the inorganic halide template.” After thermal
annealing, the grain growth is promoted and it results in large
crystal grains and reduced grain boundaries (Fig. 1d).*® In the cross-
section view image, the perovskite thickness is unchanged and the
surface morphology shows similar roughness to that prior to
annealing (Fig. 12). We further conducted atomic force microscopy
(AFM) to quantify the surface roughness of the film after each step
(see Fig. S31). The root mean square roughness (R;) of the film
surface after PVD was calculated to be 8.76 nm (area of 5 x 5 pm?),
30.2 nm after blade coating, and 34.7 nm after thermal annealing.
These results agree well with the SEM images.

Perovskite film formation mechanism

For two-step methods with compact inorganic template layers
(Fig. 2b), obtaining a compact and fully converted perovskite
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film depends on the processing method and conditions.**** For
this work, we focus on the processing conditions of the second
step - the blade coating. We systematically investigate the
organic halide concentration, blade coating speed and
substrate temperature to elucidate the influence of these
parameters on the perovskite formation mechanism. For these
investigations, we fix the gap between the blade and the
substrate to 100 pm. First, we use solutions of organic halide
precursors (FAI/MABr/MACI) of different concentrations
ranging from 10/1/1 to 90/9/9 mg mL™", while maintaining the
substrate temperature at 65 °C and the speed at 30 mm s~ *. The
results are shown in Fig. 2 and S4.1

For the solutions of low concentration, 10/1/1 mg mL™*
(Fig. S4at) and 30/3/3 mg mL ™" (Fig. 2a and S4at), the highest
diffraction peaks correspond to Pbl, (4 ), while only tiny peaks
can be detected that indicate a-phase perovskite. While the film
obtained using 10/1/1 mg mL ™' appears yellowish, the film
using 30/3/3 mg mL ™" is brownish, indicating a higher degree of
perovskite conversion (Fig. S4b and ct). For both concentra-
tions, we observe that perovskite has formed in the upper region
of the film, whereas residual PbI, is located in the lower region.
This perovskite capping layer inhibits further diffusion of
organic cations and iodide as well as their reaction with the
buried Pbl, (Fig. S5at),*** leading to thinner films (as for
higher concentrations). We further spotted bright dots at the
grain boundaries (Fig. 2e), which we relate to remnant Pbl,.
When we use concentrations between 50/5/5 mg mL ™" and 70/7/
7 mg mL ™", the film has converted to perovskite, appearing dark
brown (Fig. S4d-ff). However, XRD and SEM still show a large
amount of unreacted Pbl, for 50/5/5 mg mL~", while for 60/6/
6 mg mL~" these residues have almost reacted and converted to
a compact perovskite layer (Fig. 2f, g and S4et}). We suggest that
during the coalescence of perovskite grains, residual Pbl, that is
trapped between adjacent perovskite grains reacts with the
dissolved organic halide precursors to perovskite and prevents
the formation of voids (Fig. S5bt). Using 70/7/7 mg mL ™, the
perovskite crystallinity increases and voids are formed
(Fig. S4f}). Further increasing the concentration to 90/9/9 mg
mL ™" leads to very rough films of large crystal grains (Fig. 2h, i
and S4gt). We spot gray dots on the crystal grain surface, which
we relate to crystallized organic halides. Furthermore, voids in
the bulk and between adjacent grains have formed as no Pbl,
was available during coalescence (Fig. S5¢t). Additionally, a new
diffraction peak appears at 11.8°, indicating a hexagonal
perovskite d-phase (Fig. 2a)*® making this perovskite film
inappropriate for PSC devices.

Next, we used different speeds from 1 mm s~ ' to 90 mm s~
and blade coated the organic halide solution on the inorganic
halide template, while maintaining the substrate temperature
at 65 °C and the concentration at 60/6/6 mg mL ™" (Fig. S61). For
blade coating, two coating regimes exist, the evaporation regime
and the Landau-Levich regime.** In the evaporation regime
(speed = 10 mm s~ ), slower coating speed yields thicker layers,
i.e., a higher amount of organic halide precursors is supplied
due to the increased residence time per unit length. Therefore,
the diffraction peak of PbI, decreases with reduced speed
(1 mm s~ ') and the perovskite peak intensity of (110) increases

1
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Fig.2 Evaporated inorganic halide template and perovskite films prepared using 30/3/3 mg mL™%, 60/6/6 mg mL~* and 90/9/9 mg mL~? of FAI/
MABr/MACIL organic halide precursor solution concentration. (a) XRD patterns (log-scale) with indicated diffraction peaks of the a-phase
perovskite crystal planes. Pbl, is labeled with a 4 and IOH with a *. (b)—(i) SEM cross-section and top view images of (b) and (c) inorganic halide
template and perovskite films prepared with different concentrations of the organic halide precursors: (d) and (e) 30/3/3 mg mL™, (f) and (g) 60/
6/6 mg mL™* and (h) and (i) 90/9/9 mg mL™* of FAI/MABr/MACL. The scale bar is 500 nm.

compared to 10 mm s~ ' (Fig. S6at). The higher perovskite

conversion degree can also be observed from the lower trans-
parency of the sample pictures in background illumination
mode (Fig. S6b and ct). However, we obtain incomplete perov-
skite conversion in the evaporation regime. With coating speeds
>10 mm s ', the Landau-Levich regime is reached, where
viscous forces become dominant, dragging more solution on
the substrate with increasing speed.” Hence, the degree of
perovskite conversion increases with increasing speed. Using
a speed of 30 mm s~ ', a compact perovskite film with remnant
Pbl, is obtained (Fig. S6dt). The sample shows a uniform
coating. With a coating speed =50 mm s~ ', no remnant Pbl,
can be detected and the film uniformity is lost. At 50 mm s, we
observe the formation of voids in the perovskite bulk (Fig. S6et)
and the emergence of a diffraction peak at 11.8°, which indi-
cates d-phase perovskite (Fig. S6at). Interestingly, this 8-phase
perovskite has been formed immediately after blade coating at
65 °C. Further increasing the speed results in large and coarse
crystal grains with high crystallinity (Fig. S6f and gf).

As a consequence, we investigated the influence of different
substrate temperatures on the perovskite formation mechanism
(Fig. S7t), ranging from 25 °C to 75° (boiling point of iso-
propanol: 82.5 °C). We maintained the coating speed at 30 mm
s~ ' and used a concentration of 60/6/6 mg mL™'. For low
substrate temperatures =40 °C, complete perovskite conversion

This journal is © The Royal Society of Chemistry 2021

is obtained, enabled by the slower drying rate. However, the
complete conversion comes at the expense of uniformity due to
the coffee-ring effect, which also leads to regions of perovskite 3-
phase (see the gray area in Fig. S7b and c¥). With 55 °C substrate
temperature or higher, the coffee-ring effect can be minimized,
resulting in uniform coatings. A substrate temperature of 65 °C
shows the highest degree of perovskite while maintaining
uniformity and high crystallinity (Fig. S7etf). At 75 °C, we
observe decreasing perovskite conversion, as the Pbl, diffrac-
tion peak increases again. In Fig. S7f, we also detected
remnant PbI, on the surface of the perovskite film, meaning
that the drying rate was too high, interrupting the perovskite
conversion on the surface.

To sum up our findings, the perovskite film blade coated
with 70 mm s~ at 65 °C with an organic halide concentration of
60/6/6 mg mL " of FA/MABI/MACI is presented, in Fig. S8,1
showing three different regions. We identify these regions as d-
phase perovskite (Fig. S8d,T red), transition (Fig. S8e,t orange)
and o-phase perovskite (Fig. S8f,f green) and provide SEM
cross-section and top view images for the morphologies. In
summary, we have shown that the organic halide precursor
concentration, the coating speed and the substrate temperature
play important roles in obtaining uniform and converted
perovskite films by the PVD/blade process. It is essential to
balance the organic and inorganic halide precursors by

J. Mater. Chem. A, 2021, 9, 26680-26687 | 26683
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Fig. 3 ToF-SIMS depth profile of (a)—(c) cation species at different stages of the hybrid PVD/blade coating process and XPS with depth profiling
(d)—-(f) of the stack after each step of the coating process. XPS Cs 3d spectra after (a) evaporation, (b) blade coating and (c) annealing. The ten lines

correspond to profiles at 0 nm, 10 nm, 20 nm, 30 nm, 40 nm, 80 nm,

controlling the processing conditions and selecting an appro-
priate drying rate to suppress the coffee-ring effect.

Next, we perform depth profiling using time-of-flight
secondary ion mass spectroscopy (ToF-SIMS) and X-ray photo-
electron spectroscopy (XPS) to shed light on the film composi-
tion and the cationic interdiffusion process.

Fig. 3 shows the depth profiles obtained by ToF-SIMS and
XPS after each step of the PVD/blade coating process. The ToF-
SIMS uses an oxygen sputter gun to detect the positive ion
species (Fig. 3a—c). After thermal evaporation, the bilayer inor-
ganic template can be clearly differentiated. First, a constant
signal of Pb" ions (up to 100 s sputter time) is detected, repre-
senting the Pbl, layer. Second, a peak of Cs’ ions follows
(between 100 and 125 s), indicating the CsI layer, meanwhile the
Pb cation signal decreases substantially (Fig. 3a). This agrees
well with XPS Cs 3d spectra after PVD (Fig. 3d). The first peaks
are detected at a sample depth of 300 nm. After blade coating,
a uniform signal of Cs cations is detected across the as-
deposited film, which shows that Cs species have already
diffused throughout the layer (Fig. 3b). This finding is also
supported by XPS in Fig. 3e. After thermal annealing, ToF-SIMS
and XPS show comparable results to those after blade coating,
which means that perovskite conversion is completed after
blade coating and Cs species have diffused uniformly into the
perovskite film (Fig. 3c, f and S971). The subsequent thermal
annealing in the PVD/blade coating process finally induces
grain growth to reduce the grain boundaries, which is beneficial
for the optoelectronic properties.

26684 | J Mater. Chem. A, 2021, 9, 26680-26687

120 nm, 160 nm, 200 nm and 300 nm depth.

Optoelectronic properties of the
perovskite film

To evaluate the optoelectronic properties of our perovskite film
fabricated by PVD/blade, we also fabricated perovskite films by
two-step spin coating (spin + spin). To exclude the effect of any
charge extraction layer, we deposited the perovskite films
directly on quartz substrates. We have shown in Note S17 that
the morphology of the evaporated inorganic halide template
remains unchanged when using different amorphous
substrates.”” Fig. S10af summarizes the absorbance and the
photoluminescence spectra of the perovskite film on a quartz
substrate for both fabrication methods (PVD + blade and spin +
spin). In Fig. S11,T we provide Tauc plots of these perovskite
films and estimated the optical bandgap with a linear fit to be
1.56 eV for both absorbers.”® We further investigated the charge
recombination dynamics by steady-state photoluminescence
(PL) and time-resolved photoluminescence (TRPL) decay
measurements.®® The PL peaks are located at 794 nm (1.56 eV)
for both perovskite films. The PL intensity is highest for the
perovskite film by PVD/blade, which indicates stronger
suppression of non-radiative recombination processes
compared to two-step spin coating. Fig. S10bt shows the TRPL
decays of the perovskite films by different fabrication methods.
We fit the decays with the bi-exponential function:

t t
I(l) = A4, CXp(—?l) + A, CXp(—‘E)

This journal is © The Royal Society of Chemistry 2021
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and obtain two decay times, the fast decay lifetime 7, and the
slow decay lifetime 7,.%>%" The fitting parameters are provided in
Table S1.1 The charge carrier lifetimes are comparably long for
both perovskite films by PVD/blade (343 ns and 1406 ns) and
spin + spin (396 ns and 1148 ns), showing that perovskite films
fabricated by PVD/blade achieve comparable crystal quality and
photovoltaic performance (Fig. S1271).

Photovoltaic performance of PSCs by
PVD/blade

To evaluate the photovoltaic performance of perovskite films
fabricated by PVD/blade, we fabricated n-i-p PSCs with layer
stack IOH/SnO,/perovskite/Spiro-OMeTAD/Au on 5 cm x 5 cm
substrates. We blade coated both charge transporting layers in
ambient air and used non-toxic solvents for both layers, namely
de-ionized water for SnO, and p-xylene for spiro-OMeTAD.** To
passivate the perovskite layer, we used phenethylammonium
iodide (PEAI).* Fig. 4a shows a SEM cross-section image of the
sample with remnant Pbl,, confirmed by XRD (Fig. S1371). J-V
measurement of the champion device reveals negligible

View Article Online
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hysteresis with an open-circuit voltage (Voc) of 1.11 V, a short-
current density (Jsc) of 23.31 mA em ™ and a fill factor (FF) of
72.00%, resulting in a PCE of 18.66% (Fig. 4b). The maximum
power point (MPP) tracking yields 17.74 mW cm 2 after 30 s
(Fig. 4c). This is the highest value for scalable PSCs with green
solvents (Fig. 4d). To check the uniformity of our process, we
provide photovoltaic performance statistics of 34 cells on 5 cm
x 5 cm substrates (Fig. S141). On average, we obtained a V¢ of
around 1.13 V and Jsc of 21 mA cm 2. The best device showed
Voc of 1.16 V for a bandgap of 1.56 eV, being only limited by FF
and Jsc. The external quantum efficiency (EQE) measurement
yields an integrated Jsc value of 21.86 mA cm ™2, showing further
scope of improvement in the light management (Fig. S15%).

In conclusion, we have reported a new and scalable hybrid
perovskite fabrication process, combining thermal evaporation
and blade coating using non-toxic solvents. We systematically
investigated the influence of processing parameters on the
perovskite formation mechanism during the PVD/blade process
and elucidated the growth mechanism. We used such perov-
skite absorbers together with ambient air-processed, blade
coated charge transporting layers to fabricate scalable PSCs

b d 2
V. 112 11 -
20 J::((,::)Ncmz) 2508 ;3 st ® Solution-based PVK ¥ Vapor-based PVK
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Fig. 4 (a) SEM cross-section view of PSC with blade coated charge tra

nsporting layers and perovskite layer by PVD/blade coating. The scale bar

is 500 nm. (b) Current—voltage behavior and (c) MPP tracking of the champion device. (d) Power conversion efficiency versus year for selected,
small-area (~0.1 cm?) devices with indicated layers fabricated by scalable deposition methods (symbol color). Additionally, devices are distin-
guished by solution- and vapor-based perovskite absorber layers (symbol type) as well as by the use of green or toxic/hazardous solvents in the
perovskite fabrication (font color). Perovskite: PVK, electron transporting layer: ETL and hole transporting layer: HTL.
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with a V¢ of 1.16 V and PCE up to 18.7% using green solvents
only. With our work, we make an important contribution to
reduce the performance gap between toxic and green solvent-
based, scalable perovskite fabrication. PVD/blade is a prom-
ising process to fabricate high quality perovskite layers on large-
area substrates. It can allow a facile implementation of passiv-
ation strategies and additives into the precursor solution for
blade coating. Additionally, it can be adapted for wide band gap
perovskite films and be eventually applied to coat textured
surfaces, e.g. in tandem solar cell applications. Moreover, other
meniscus-guided deposition methods can replace blade
coating, such as slot-die coating or inkjet printing. Overall, the
proposed method and its variants are easily scalable for large
area manufacturing while the avoidance of toxic solvents is an
additional advantage for successful commercialization of the
PSC technology. Besides, the processes can be applied on flex-
ible foils as well, paving the way for roll-to-roll or sheet-to-sheet
manufacturing in the future.
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