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SUMMARY

High-throughput manufacturing of hybrid halide perovskite solar
cells is the next challenge before they enter the market. An anti-sol-
vent bath is generally required to control the perovskite film assem-
bly starting from precursors in solution. Although an anti-solvent
bath has proven feasible for roll-to-roll deposition, it implies an un-
doubted increased complexity of the manufacturing line, meaning
enhanced costs for the process itself and anti-solvent disposal.
Here, we take advantage of the use of a starch polymer as a rheolog-
ical modifier in perovskite precursor solutions to avoid the anti-sol-
vent bath. Starch allows for control of the perovskite growth
process in one step and reach of required viscosities for gravure-
printing technique with ~50% less of the raw precursor materials.
This combined with simplified processing conditions are expected
to drastically lower the costs of perovskite material production.
We demonstrate that this approach can be upscaled to roll-to-roll
gravure printing of flexible solar cells, reaching a maximum power
conversion efficiency close to 10%.

INTRODUCTION

Hybrid halide perovskites are proving to be an excellent material for next-generation
photovoltaics, demonstrating outstanding power conversion efficiencies over 25%
measured in lab-scale devices.' Nonetheless, perovskite solar cell (PSC) record ef-
ficiencies are reached only by an extreme control of environmental conditions (i.e.,
inert atmosphere and ambient temperature below 25°C%), in a narrow window of
processing parameters by means of non-scalable techniques (i.e., spin-coating often
associated with solvent dripping), and with the use of highly toxic solvents.”® A fine
control of the perovskite deposition is mandatory because the film formation occurs
throughout a complex self- assembly process driven by weak interactions of perov-
skite precursor species in solution. Such an intrinsically disordered self-assembly
process translates into critical material deposition reproducibility, which hampers
a facile upscaling of PSC fabrication.”™""

On the lab scale, anti-solvent dripping, performed during perovskite film crystallization
from solutions, is exploited to induce a rapid supersaturation of perovskite precursors
in the forming film, along with a fast solvent evaporation.'*'* Such a nucleation-driven
formation mechanism results in a perovskite morphology with small grains and
highly performing devices. Although integrating antisolvent dripping or bath in the
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manufacturing line is technically feasible, it increases manufacturing costs. Moreover,
the use of extra and generally toxic solvents that need to be disposed of in a large
amount should be avoided."” Ideally, the manufacturing process has to be as simple
as possible and tolerant to variations in the environmental conditions. That being
said, there has been significant developments in recent years to bring viability to the
large-scale manufacturing of perovskite photovoltaics in roll-to-roll (R2R) facilities.'~'®

In the attempt to upscale the solvent dripping effect to suit large area R2R
manufacturing, various methods have been developed, as follows: anti-solvent drip-
ping or bathing,*"”
or vacuum-flash-assisted solution processing (VASP).%® All of these methods have

nitrogen blowing,?° flash infrared annealing,”' hot substrate,””

pros and cons, but they all require the use of an extra apparatus, causing an inevi-
table increase in manufacturing costs. The reproducibility and the narrow processing
window required to obtain perovskite films with good optoelectronic quality are
other issues to be solved for R2R applications.

Among the scalable perovskite manufacturing techniques, gravure printing is very
attractive because it allows high-throughput deposition and high-resolution
patterning simultaneously.'® Recently, fabrication of PSCs by tabletop and R2R
gravure printing has been demonstrated by us by means of anti-solvent bathing, '***
reaching a champion device for fully R2R gravure-printed solar cells, apart for the

electrodes, on a flexible substrate with PCE above 13%."¢

Here, we develop a convenient one-step gravure printing approach that allows the
facile upscaling of perovskite deposition in R2R at mild temperature and ambient air
conditions with the use of low toxicity dimethyl sulfoxide (DMSQO) as the main solvent.
We exploit starch polysaccharide as a rheological modifier to tune the viscosity of
perovskite-polymer formulation, which positively influences the formation of perov-
skite films by single-step coating. The hydroxyl groups on the biopolymer chains estab-
lish hydrogen interactions both with organic cations and with the DMSO solvent
leading to solution gelation that allows a convenient viscosity modulation.”” Impor-
tantly, starch inclusion enables very viscous inks (~230 mPa s), which is a prerequisite
to print a high-resolution pattern by the gravure technique,'® at a very low perovskite
precursor concentration, namely, ~0.75 M for perovskite/starch versus ~2 M for pure
perovskite. In view of application, the use of starch as a rheological modifier in perov-
skite inks is expected to drastically reduce the overall material cost of about 50%. Our
approach does not require the use of an anti-solvent, gas blowing, or hot substrate and
can be carried out under ambient conditions without any humidity control. This is an
undoubtable advantage in the commercialization of PSCs devices because it can
drastically reduce the associated manufacturing costs and avoid the disposal of the
large amount of solvent waste that has been used for the anti-solvent bath. Here, we
demonstrate the R2R gravure printing of flexible solar cell devices by using pilot
manufacturing lines by depositing the aforementioned perovskite/starch inks under
ambient conditions by a single-step printing method. The partly printed solar cells
were fabricated on 50-m-long flexible substrate rolls with promising power conversion
efficiencies near 10%, which at the moment represents the best trade-off between
simplified processing conditions/costs and device performance.

RESULTS AND DISCUSSION

Table-top gravure-printing of PSCs
To combine the easy processability of the polymer with their templating effects, we
select a starch biopolymer that contains free hydroxyl groups on the backbone. As a

2 Cell Reports Physical Science 2, 100639, November 17, 2021

Cell Rerrts )
Physical Science



Cell Rep_;orts .
Physical Science

Gold

Table-top Gravure printed
Spiro-OMeTAD

Table-top Gravure printed
MAPbDI; - POLYMER
Table-top Gravure printed
SnO, NPs
PET-ITO

Figure 1. Tabletop gravure-printed perovskite solar cells
(A) Perovskite-starch structures.
(B) Schematic illustration of tabletop gravure printer.
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(C and D) Scanning electron microscopy (SEM) images of reference MAPbI3 without anti-solvent (C) and MAPblz-polymer (30 MAPbI3-10 S, 3:2

DMSO:DMF) printed without anti-solvent bath (D) under ambient conditions. Scale bar, 50 micron.

(E) Sketch of the n-i-p solar cell architecture.

(F) Digital photo of 30 MAPbI3-10 S (perovskite formulation with 30 wt % of perovskite precursors and with 10 wt % of starch), 3:2 DMSO:DMF films

deposited by gravure printing.

perovskite material, we focus on the benchmark CH3NH3Pbl; (MAPbI3) because it
can form a single and stable phase at room temperature.”® A sketch of the selected
materials is reported in Figure TA.

Previously, we have demonstrated that polycrystalline perovskite films can enor-
mously benefit from the inclusion of starch in terms of mechanical flexibility and
processability.”” In the present work, we take advantage of the use of a starch
polymer to guide the formation of perovskite materials in a controlled manner by
a gravure printing technique without the use of anti-solvent. Before we printed the
composite inks with R2R fabrication at pilot scale, they were tested with a tabletop
gravure printer. A schematic drawing of the tabletop gravure printing apparatus is
reported in Figure 1B. The ink is deposited on the printing plate with an engraved
pattern. Such a printing pattern consists of cells with specific engraving parameters
to control the transfer volume of ink, which is doctored to be filled in the engraved
patterns. The impression roll’s function is to ensure a proper contact of the flexible
substrate with the printing plate by external pressure and thus to assist the ink
transfer from the cells on the substrate.

The first attempt to deposit pure MAPbI; perovskite by gravure printing without
the use of an anti-solvent bath resulted in a non-uniform film with large aggregate
structures and voids. (Figure 1C) This is an expected result because the post-
deposition anti-solvent bath was deemed necessary to obtain a suitable perovskite
film morphology by the gravure printing technique.'®?* By adding 10 wt % of
starch in the precursor solutions (30 wt % of perovskite precursors), we found
that homogenously covered films suitable to solar cells integration were straight-
forwardly obtained (Figures 1D and 1F). This finding suggests that in our approach,
the perovskite crystallization mechanism is completely modified by the polymer
inclusion.
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Table 1. PV parameters of devices based on different solvent combinations

Perovskite Jsc (mA/cm?2) Voc (V) FF (%) PCE (%)

MAPbI; reference Non-working devices

MAPDbI;-starch (9:1 DMSO:DMF) (20.05 + 2.13) 21.48 (0.92 + 0.10) 0.97 (50 + 8) 56 (9.43 + 2.81) 11.60

MAPDblIs-starch (9:1 DMSO:2-BE) (20.20 + 2.22) 22.57 (0.90 + 0.03) 0.93 (45 + 6) 50 (8.29 + 1.88) 10.49

MAPDbIs-starch (3:2 DMSO:DMF) (22.87 + 0.40) 22.76 (1.02 £+ 0.02) 1.00 (47 £+ 5)53 (11.00 + 1.00) 12.20

Data for average performance were calculated from at least 10 devices. Mean and stardard deviation are given in brackets.

In general, perovskite film formation from solution occurs in four steps, as follows: (1)
deposition of perovskite precursors, (2) supersaturation of precursor concentration
during solvent removal, (3) formation of crystal nuclei from self-seeding that is
induced by supersaturation, and (4) crystal growth starting from formed and com-
plete conversion in crystalline perovskite upon thermal annealing. Because the crys-
tal growth is a fast process, the spontaneous perovskite (without starch additive) as-
sembly leads to the formation of large dendritic structures and inhomogeneous film
coverage driven by the imbalance between nucleation and growth rate.?’ A rapid su-
persaturation and solvent removal are mandatory to reach a high nucleation rate and
to obtain a shiny and smooth perovskite layer, ensuring PSCs with high efficiency. To
this aim, solvent dripping or bathing enables the sudden removal of solvent, thereby
boosting a rapid supersaturation of perovskite precursors in the wet film. In the pres-
ence of starch, the hydrogen bond interaction of the free hydroxyl groups on the
polymer chain with MA cation and DMSQO induces the formation of a sol-gel network
that increases the viscosity of the perovskite precursors solution.®??>?% We have
demonstrated that the persistence of such a sol phase during the perovskite film for-
mation actually delays the crystallization process if compared to pure MAPbI3.?% The
precursor solvate phase longevity broadens the deposition time, eventually allowing
a single-step coating of perovskite film with uniform coverage, without an anti-sol-
vent bath or dripping, suitable to device integration.?”>?? The retarded crystalliza-
tion process results in the formation of large perovskite structures, also visible in Fig-
ure 1D, and to the formation of more thermodynamically stable perovskite
material”® that could be deposited in an ambient environment.

The developed composite material was tested in a n-i-p solar cell architecture in
combination with an SnO; electron transporting layer (ETL) and Spiro-OMeTAD
hole transporting layer (HTL), by using pre-patterned ITO as the cathode on a
flexible PET substrate (Figure 1E). The entire printing process was performed in a
controlled temperature (20°C) atmosphere with humidity ranging from 30% to
50%. The sputter coating of indium tin oxide (ITO) on (polyethylene terephthalate)
PET and the thermal evaporation of gold as the anode top electrode were the
sole non-printing steps. A colloidal dispersion of tin oxide nanoparticles (SnO,
NPs) in water was printed with the use of 2-propanol as a co-solvent to reduce the
surface energy of the solution, obtaining a uniform film without pinholes. Atop of
the SnO;, layer, different formulations of perovskite-starch inks were printed to eval-
uate different solvents to achieve gravure-printed perovskite film with suitable
morphology and crystallinity. The absorption spectra of perovskite-starch films
printed starting from inks with a different solvent mixture are reported in Figure S1.
The best performance, characterized by a PCE of 12.2%, was obtained by the one-
step anti-solvent-bath-free printing of the perovskite-polymer ink based on a
mixture of 3:2 DMSO:dimethyl formamide (DMF) as the solvent system (see Table 1).

As it can be readily seen, the as prepared perovskite films look reflective and homo-
geneous, and by means of a tabletop gravure printing technique, a printed area of
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7.5 cm? could be reached without sacrificing the homogeneity of the deposited
films. With the aim of optimizing device performance, we have tested several solvent
combinations; either 2-butoxyethanol (2-BE) or DMF were used as co-solvent
together with DMSO to improve the wettability of the substrate, keeping the MAPbI3
concentration (30 wt %) and starch content (10 wt %, related to perovskite precur-
sors) constant. We found that the mixing DMSO and DMF in a 3:2 ratio led to thicker
films with more intense absorption (Figure S1) and to the best performing devices,
reaching a maximum power conversion efficiency of 12.2% (see Table 1). Morpho-
logical and structural analysis were also carried out, and the results are reported in
Figure S2 and S3, respectively. The higher short circuit current for the best formula-
tion is due to the higher thickness of the resulting perovskite films and the slightly
enhanced open-circuit voltage (Voc) that suggests the formation of sharper inter-
faces. As expected, devices prepared using gravure-printed pure MAPbl; did not
work due to the poor morphology of the active layer (Figure 1C) likely causing
current shorts.

Roll-to-roll printing of PSCs

Here, we prove that our starch perovskite ink deposition can be extended to pilot
scale R2R gravure printing manufacturing. The addition of starch indeed confers a
suitable viscosity to the perovskite inks to be deposited with a proper thickness.
Relevantly, the use of starch allowed an increase of the viscosity of the inks without
increasing the concentration of perovskite precursors, reaching a viscosity of ~500
mPa s at a lower shear rate and ~200 mPa s at a higher shear rate. Indeed, it is re-
ported that to enhance the perovskite ink viscosity to make it suitable for R2R
gravure (~23.9 mPa s), the perovskite precursor concentration needs to be
increased up to 1.69 M,"® whereas a far higher viscosity (one order of magnitude
higher) can be obtained at a perovskite precursor concentration of 0.75 M by using
starch as a rheological modifier (Figure S4). Because the cost of starch is marginal in
the perovskite ink formulation, our approach effectively reduces the overall material
costs of about 50%.

The possibility to produce perovskite inks with high viscosity is also important to
achieve perovskite patterns with high resolution.’® As it can be readily observed,
by using starch/perovskite inks, the pattern was reproduced with good precision
and the edges were sharp and without a tailing effect. (Figure 2; Figure S5)

The schematic illustration and a photograph of the pilot scale R2R apparatus is re-
ported in Figure 3. To construct the fully printed solar cells, SnO; nanoparticles,
functioning as ETL, were first printed onto a pre-patterned flexible ITO/PET web
and then rapidly annealed. A starch perovskite composite was subsequently printed
by R2R gravure without the use of air blowing or anti-solvent bathing, and finally
annealed in a hot-air oven, or by adding an infrared (IR) step before the oven, to
obtain a desired crystallization. Four rolls were fabricated for the best performing
starch perovskite inks (3:2 DMSO:DMF) with different printing speed and annealing
parameters, as summarized in Figure 3A. For each roll, an engraving roll with multi-
ple engraved patterns was used (100, 120, and 150 lines/cm). The R2R solar cell
stacks were completed with the tabletop printing of poly(3-hexylthiophene)
(P3HT) as HTL, which was selected instead of Spiro-OMeTAD because, being a
polymer, it features better film-forming properties and printability than Spiro-
OMeTAD."®

Perovskite starch morphological characterization on the as-prepared 4 rolls is re-
ported in Figures 4 and Sé6. All the printing parameters resulted in well covered films,
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Figure 2. Resolution of the gravure-printed pattern

albeit with some differences. The starch-perovskite composite printed at higher
speed formed smaller grains, whereas a slower speed formed a big bundle-like
structure composed by smaller and cohesive grains. Thus, we confirm that slowing
the perovskite formation process results in the formation of more extended morpho-
logical structures. We can gather some differences in samples pre-annealed with an
IR step. Comparing the morphology of R1 and R2, which were printed at the same
speed, we can observe that the IR pre-annealing step induces the formation of
more dendritic-like morphology, maybe resulting from a faster annealing process.

Overall, the root means square roughness (Rg) of the starch/perovskite films,
extrapolated from the atomic force microscopy (AFM) imaging, is below 40 nm for
all the samples thus suitable for device integration.

From the (X-ray diffraction) XRD data (Figure 5A), all the perovskite/starch films
showed the characteristic main reflection of MAPbl; perovskite material at 14.1°
and some minor residual contributions from the MAI-Pbl,-DMSO intermediate
phase at 6.6°,7.1°, and 9.2°." Furthermore, we calculated, for each roll, the ratio be-
tween the intensity of the signal at 6.6° with that of the main reflection of perovskite
(Figure 5B). Interestingly, the results are in accordance with photovoltaic parameters
(Figure 6C). R1 indeed showed the best device performance and almost fully con-
verted the perovskite phase, along with a more compact morphology (Figures 4A
and 4B).

The solar cell performance for starch/perovskite deposited under different condi-
tions along with photographs of the printed devices (for a total of 50 m) are reported
in Figure 6. Solar cells performances tested for all the different engraving parameters
are reported in supporting information for completeness (Figures S7). Solar cells
with an active area up to 77 mm? were also fabricated (Figures S8 and S9).
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PEROVSKITE/STARCH PRINTING PARAMETERS
ROLL ID

Speed (m/min) Annealing
R1 11 3.6 min. at 105 °C
R2 : IR + 3.6 min. at 105 °C
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Figure 3. Roll-to-roll printed SnO, and perovskite

(A) Sketch of the R2R printing process of the as-developed perovskite/starch inks, along with a table
summarizing the processing parameters used for the 4 different rolls.

(B) A photograph of the R2R pilot line.

Relevantly, all the devices fabricated with the 4 rolls worked, corroborating the
homogeneity of the deposited perovskite on the 50 m-long PET substrate. The cham-
pion device was obtained with roll 1 with a PCE close to 10%, and the maximum power
point current (Jypp) measurement is reported in Figure S10. The higher optoelectronic
quality of the roll 1 is likely due to a more homogeneous perovskite film morphology
and to a better conversion of perovskite, in accordance with the XRD analysis.

The generally limited PCE efficiency is ascribed to low fill factor (FF) values, which
can be due to the high sheet resistance of the ITO on PET (50 Q/sq).*° A further opti-
mization is needed on the device architecture to obtain solar cells with high
efficiency.

In conclusion, we demonstrate that, thanks to the easily tuneable viscosity, such
perovskite-starch inks can be adapted to the requirements of gravure printing. We
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Figure 4. Morphological characterization
SEM (left column) and AFM (right column) of R1 (A and B), R2 (C and D), R3 (E and F), and R4 (G and H). SEM scale bars, 10 pm; AFM x-range; 30 pm.

endow hybrid halide perovskites with the easy processability of polymers, providing
a tool to control film formation on a large area by scalable techniques. The superior
film-forming properties of polymeric materials guarantees the deposition of perov-
skite films on large-area flexible substrates without the use of the anti-solvent bath,
thus significantly simplifying the large-scale processing that is a mandatory prereg-
uisite in view of the large-scale manufacturing of PSCs at low cost. Importantly, the
use of the starch polymeric rheological modifier in the perovskite precursors allows
high viscosity to be reached, which is mandatory to obtain a high-resolution pattern
by the gravure printing, at less than half of the perovskite precursor concentration.
This is expected to reduce the costs for raw materials for PSCs on a large scale of

8 Cell Reports Physical Science 2, 100639, November 17, 2021
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Figure 5. X-ray diffraction of R2R printed perovskite

(A and B) XRD analysis carried out on the R2R printed perovskite-starch films (A) and calculated ratio
between the intensity of the intermediate phase and perovskite signals for each condition of
deposition (B).

about 50%. Flexible solar cells fabricated by R2R processing reached a maximum
PCE close to 10% that represents the best compromise in terms of process simplifi-
cation and performance.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

For further information on this work, you can communicate with the Lead Contact
Aurora Rizzo (aurora.rizzo@nanotec.cnr.it).

Materials availability
This study did not generate new unique materials.

Data and code availability
All experimental data generated from this work are reported in the paper and in the
Supplementary Information.

Chemicals

Lead (Il) iodide (Pbl,, ultradry 99.999% metals basis) and methylammonium iodide
(CH3NHsl, MAI) were purchased from Alfa Aesar (Kandel, Germany) and GreatCell Solar
(Rome, ltaly), respectively. Starch (S); dimethyl sulfoxide anhydrous, 99.9% (DMSO);
dimethyl formamide (DMF); chlorobenzene (CB); and 2-butoxyethanol (2-BE) were pur-
chased from Sigma-Aldrich. Tin (IV) oxide NPs (15% in H,O) were purchased from Alfa
Aesar, and NZ,NZ,NZ’,Nzl,N7,N7,N7/,N7/-octaki5(4-methoxyphenyl)-9,9/-spirobi[9H-fluo-
renel-2,2',7,7'-tetramine (Spiro-MeOTAD), lithium bis(trifluoromethanesulfonyl)imide
(>99%, Li-TFSI), and 4-tert-butyl pyridine (98%, tBP) were purchased from Sigma-Al-
drich. Poly(3-hexylthiophene-2,5-diyl) (P3HT) was purchased from Rieke Metals. All
materials were used as received without any further purification.

MAPDbI;-starch inks

The perovskite-polymer inks were prepared in the following two steps: dissolving the
perovskite precursors (Pbl, and MAI, 1:1) in DMSO or in the solvent system DMSO:DMF
(9:1,4:1, and 3:2) at 80°C for 30 min and then adding this solution to the right amount of
starch, following a stirring step at 80°C for 3 h. The same concentration of perovskite pre-
cursors (30 wt %) and polymer (10 wt %) was retained for all solvent systems. Rheological
analysis of the inks was performed at 20°C by using an Anton Paar MCR-301 rheometer
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Figure 6. R2R solar cell performances on a flexible substrate

(A) Sketch of the n-i-p solar cell architecture used for the R2R devices.

(B) Digital photos of the 4 rolls deposited by the pilot line R2R gravure printing.

(C) A table summarizing device performances for the four rolls. Best perfomance in bold font.

(D) J-V curve of the champion device obtained with roll 1. At least 24 devices were considered to calculate the average performance.

with cone-plate geometry (1-mm gap). The measurement was conducted in a shear rate
range of 2-1,000 1/s, with amplitude sweep at 10 rad/s.

Transporting materials

SnO, NPs 15 wt % in water was diluted to 2.5 wt % in H,O:IPA 50:50. A total of 2.5 mL
of a Spiro-MeOTAD solution (85 mg/ml in CB) was doped with 49.9 ul of Li-TFSI
(500 mg/ml in acetonitrile) and 82.5 ul of tBP. A total of 4 mL of a P3HT solution
(50 mg/ml in CB) was doped with 20 pl of Li-TFSI (500 mg/ml in acetonitrile) and
20 ul of tBP.

Fabrication of tabletop gravure-printed devices

Indium tin oxide patterned polyethylene terephthalate (Estman Flexvue OC50) was used
as a flexible substrate, and the desired ITO pattern was realized by rotary screen printing
of an etching paste (HIEP-300; P & P Solution Co., Ltd). The ITO/PET roll was cut into
15 x 25 cm? sheets for the tabletop printing. A laboratory-scale gravure printer
(Labratester, Norbert Schlafli Maschinen) was used in the fume hood. The SnO, was
printed using a printing plate with an engraved pattern of 120 lines/cm, at a speed of
18 m/min, following an annealing of the SnO5 in a hot oven at 120°C for 3 min. The
MAPDI; reference and MAPbIs-starch inks were printed using a printing plate with mul-
tiple engraved patterns (100, 120, and 140 lines/cm) at a speed of 18 m/min, following
an annealing of the resulting films in a hot oven at 100°C for 30 min. The Spiro-MeOTAD
layer was printed using a printing plate with an engraved pattern of 100 lines/cm, at a
speed of 18 m/min. The device stack was completed by thermal evaporation in high
vacuum (5 X 107® mBar) of 100 nm of gold as the anode with a deposition rate of
1 A/s and using a mask that defines a 0.06-cm? active area.

Roll-to-roll device fabrication
Roll-to-roll gravure printing was conducted by a customized R2R pilot line. A total of
50 m of a PET-ITO roll was used as the substrate, and an Ar/N, corona treatment was
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performed prior to SnO; printing. The ETL ink was printed at a speed of 8 m/min
following an annealing step at 120°C for 30 s by a hot air oven. The MAPbls-starch
solution was printed by testing four different printing conditions, as follows: R1 =
a speed of 1.1 m/min and 3.6 min of annealing at 105 °C, R2 = a speed of
1.1 m/min and an infrared treatment before a thermal annealing of 3.6 min at
105 °C, R3 = a speed of 3.0 m/min and an infrared treatment before a thermal
annealing of 1.3 min at 105 °C, and R4 = a speed of 3.0 m/min and an infrared
treatment before a thermal annealing of 3.6 min at 105 °C. Regarding the infrared
treatment, two lamps (2 X 500 W) of a drying cassette from Heraeus were used dur-
ing the R2R processing. An engraving roll with multiple engraved patterns (100, 120,
and 150 lines/cm) was used both for SnO; and perovskite. After that step, the roll
was cut into a single sheet and a P3HT solution was gravure printed by using
tabletop setup with a printing plate and an engraved pattern of 100 lines/cm, at a
speed of 18 m/min. Finally, 100 nm of gold as the anode was thermally evaporated
in high vacuum (5 x 10~® mBar) with a deposition rate of 1 A/s and using a mask that
defines a 0.06-cm? active area.

Perovskite film and device characterization

Morphology of the perovskite-printed samples was analyzed by using scanning elec-
tron microscopy with a field emission scanning electron microscope (FE-SEM), Jeol
JSM 7600f, with an accelerating voltage of 5 kV. The high-resolution images were
collected using a secondary electron signal. AFM characterization was performed
with SPM Dimension lcon, Bruker, in the Peak Force Tapping mode in ambient air
and at ambient temperature. Digital photos were acquired with an Apple iPhone
XR, without any photo manipulation.

X-ray diffraction was conducted by a Panalytical X'Pert alpha-1 ®/2@ X-ray diffrac-
tometer with gracing incidence geometry with w equal to 0.1°, 0.5°, and 1.0° using
CuK, radiation (I = 1.5416 A) with the X-ray tube set to 40 V and 40 mA. The spectra
were collected in the range 5-90°(2q) with step size 0.02° and time acquisition set to
5 s/step; the qualitative phase analysis of powder samples was carried out by means
of the Hanawalt method using the PDF-2 data base (ICDD, International Center of
Diffraction Data). The full profile analysis was performed using the Rietveld method
implemented in TOPAS software.

Absorption spectra were taken by using an Agilent Cary 5000 UV-VIS-NIR
spectrophotometer.

The J-V curves were acquired using a solar simulator (Newport, Oriel Class A,
91195A) with a voltage source meter (Keithley 2420) under 100 mW/cm? illumination
with standard AM1.5G conditions. Light intensity was calibrated by Si reference cell.
The J-V measurements were conducted applying reverse (1.2 V to —0.2 V) and for-
ward (—0.2 V to 1.2 V) scan directions with a voltage step of 0.010 V and a scan
rate of 0.5 V/s.
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