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area of large area perovskite solar cells 
and modules by using sheet-to-sheet (S2S) 
techniques.[10–14] Blade coating is often 
employed as a scalable method for the 
manufacturing of PSC and has demon-
strated PCE values of 19–20% on cell 
level[15,16] and PCE values of 15.3% and 
14.6% for modules with aperture areas of 
33.0 and 57.2 cm2, respectively.[16] Mono-
lithic perovskite modules with an active 
area of 70 cm² and with a PCE of 10.74% 
were fabricated using scalable printing 
processes.[12] S2S slot die coated solar cells 
on a glass substrate with the efficiency 
of 11.96% were demonstrated by Hwang 
et al.[11] and 5 × 5 cm2 modules with PCE 

of 10.6% were demonstrated by Cai et al.[17] Slot-die coated  
perovskite-based photovoltaic (PV) modules of 168 cm2 with a 
PCE of 10%[18,19] and later the modules of 144 cm2 with a PCE 
of 14.5% were in a recent press release of Solliance.[20]

In order to allow the manufacturing of flexible PSCs for future 
high-volume production, roll-to-roll (R2R) processing technolo-
gies need to be developed.[21,22] First attempts of R2R manu-
facturing have been demonstrated already by some research 
groups.[23–27] A mini slot die coater built on a 3D printing 
platform allowed the manufacturing of flexible perovskite solar 
cells with up to 11.0% PCE.[25] A blowing-assisted drop-casting 
on flexible R2R moving substrates results in perovskite solar 
cells with PCE of up to 11.16%.[26] However, future mass 
production of the perovskite solar cells requires the develop-
ment of industry compatible large area deposition methods. 
The technology for R2R deposition of PSC requires optimiza-
tion of several parameters simultaneously, namely: 1) proper  
solvent choice (viscosity, boiling point, toxicity, price, etc.);  
2) fast crystallization kinetics (required by the high speed of the 
R2R deposition) preferably in ambient atmosphere; 3) layer uni-
formity over the large area; 4) PCE of the devices, etc. Hence, a 
dedicated optimization of the R2R drying and annealing condi-
tions, which heavily contribute to the abovementioned issues, 
will be needed. The current study is the first successful example 
of large area R2R manufacturing of PSC in ambient condition 
using nontoxic solvents. The developed processes are compat-
ible with industrial manufacturing on a plastic substrate. The 
stabilized efficiencies of the manufactured devices reached the 
record value of 13.5%. Using prototype industrial processes 
and equipment with optimized in-line R2R coating, drying, and 
annealing, the results of this study will help in bringing the 
PSC technology one step closer to future commercialization.

The feasibility of upscaling the perovskite solar cells technologies to high 
volume production using roll-to-roll (R2R) slot die coating is demonstrated 
in this study. Perovskite solar cells are produced by R2R slot die coating on 
flexible substrates with a width of 30 cm and the web speed of 3–5 m min−1. 
R2R deposition of the electron transport layer and perovskite is performed 
at ambient atmosphere from nontoxic solvents compatible with industrial 
manufacturing. The average stabilized power conversion efficiency of the 
devices made on different areas of the foil is 12%, with the best value of 
13.5%. The demonstrated achievement is an important milestone and a big 
solid step toward future commercialization of perovskite-based solar cells 
technologies.
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Perovskite Solar Cells

1. Introduction

The rapid progress in the development of perovskite-based solar 
cells (PSCs) has been demonstrated in the last few years.[1–4] 
Reaching power conversion efficiencies (PCE) of up to 23.3%, 
PSCs compete with the efficiencies of mc-Si, copper indium 
gallium selenide solar cells (CIGS), and CdTe-based solar 
cells. With the very promising characteristics of strong solar 
spectrum absorption, tunable bandgap, and low nonradiative 
recombination, PSCs have the potential to approach (or even 
surpass) the record PCE values of c-Si-based solar cells in the 
near future. Although a lot of issues such as stability, toxicity, 
etc., are still to be addressed and solved before the commer-
cialization of the PSC technologies, a development of large area 
industry-compatible technologies is already required at the cur-
rent stage in order to speed up the progress in the perovskite 
field. Driven by these requirements, more and more studies are 
currently focused on upscaling the perovskite technologies.[5–9] 
Advanced achievements have been already demonstrated in the 
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2. Results and Discussion

For R2R manufacturing, a planar n–i–p configuration of PSC 
has been selected with the following device architecture: poly-
ethylene terephthalate (PET)/indium tin oxide (ITO)/SnO2/
Perovskite/Spiro-OMeTAD/Au. Slot die coating of an aqueous 
solution of SnO2 on top of a commercial PET/ITO substrate 
results in a uniform transparent layer with a thickness of about 
45 nm. The R2R deposition of the perovskite layer requires 
very careful selection of the solvents and the perovskite pre-
cursor. A selection of industrial viable and acceptable solvents 
is described by us elsewhere.[28] Typical solvents for the prepa-
ration of perovskite precursor are dimethyl formamide (DMF), 
N-methylpyrrolidone (NMP), dimethyl sulfoxide (DMSO), and 
γ-butyrolactone (GBL). Despite the high PCEs obtained in 
perovskite devices using DMF and NMP, this solvent is not 
suitable for the industrial mass production due to its toxicity. 
Recently a mixture of methylamine and acetonitrile was pro-
posed as an alternative nonhazardous mixture for CH3NH3PbI3 
precursor deposition.[29] However, the very low boiling point 
and high flammability of this solvent system hamper its 
industrial application. A mixture GBL with DMSO[30] or dif-
ferent alcohols[31] can be considered as a nonhazardous solvent 
system. However, GBL is classified as a psychoactive drug, and 
due to its legal status, the industrial use of this solvent is very 
limited. The last in the list of known solvents for perovskite 
precursors is DMSO. This solvent is widely used in industry 
and is one of the few dipolar aprotic solvents which does not 
have any legislation flags required additional attention for 
usage in the industrial processes.[32] DMSO is not classified as 
a hazardous solvent. Due to easy penetration to the skin, some-
times this solvent is considered as a material with some safety 
concerns. However, the safe processes using DMSO are already 
industrially established and can be successfully adapted for the 
manufacturing of perovskites. Therefore, DMSO is a suitable 
nonhazardous solvent which can be used for industrial up-scal-
able manufacturing of perovskite solar cells.

However, owing to the very high surface energy and high 
boiling point of DMSO, a lot of macro and microscopic dewet-
tings occur in the wet layer of the precursor, resulting in nonu-
niform perovskite layer over the large area after the drying, as 
shown in Figure S1a (Supporting Information). In addition to 
uniformity, a perovskite layer deposited from pure DMSO char-
acterizes by very small dimension of the crystals,[28] which neg-
atively affects the final performance of the devices.[28,33] Adding 
a cosolvent (2-butoxyethanol, 2BE) not only reduces the surface 
tension, which leads to better wettability and the formation of 
uniform layer (Figure S1b, Supporting Information), but also 
can accelerate the perovskite crystallization process, resulting in 
the formation of larger crystals.[28,34] The change in the surface 
tension of DMSO with adding 2BE is shown in Figure S2 (Sup-
porting Information). Adding 10% of 2BE reduced the surface 
tension of DMSO from 42.4 to 38.2 mN m−1. A further decrease 
in the surface tension is possible by adding more cosolvent. 
But solubility of the precursor materials, e.g., PbI2, is limited 
in 2BE, and this negatively affects the perovskite layer forma-
tion. Thus, the optimal concentration of 2BE was identified 
as 10 vol%. To better understand the effect of a cosolvent and 
evaluate the nonhazardous solvent mixture of DMSO/2BE, the 

reference devices were manufactured on glass substrates (the 
procedure for manufacturing of spin coated reference devices 
is described in the Supporting Information). The results reveal 
(see Figure S3, Supporting Information) that the performance 
of the devices manufacturing using a DMSO/2BE solvent 
mixture is slightly lower than the performance of the devices 
manufactured using DMF, but higher than that of the devices 
manufactured using DMSO as a mono solvent.

The solvent composition is not the only parameter influ-
encing the crystallization kinetics of the perovskite. Also, the 
crystals size in the R2R coated layer strongly depends on the 
drying and annealing conditions and the particular precursor 
composition. The R2R experiments were executed for realizing 
a methylammonium (MA) lead iodide (CH3NH3PbI3) and mixed 
cations and halides (Cs0.15FA0.85PbI3−xBrx) perov skite composi-
tions. The R2R coating line used in this study[35] employs a novel 
concept that allows a transport of the carrier substrate through 
two sequential coating stations and drying ovens, without ever 
contacting the top surface of the coatings, thereby preventing a 
surface contamination. The R2R coating line used in this study 
is shown in Figure S4 (Supporting Information). The 20 m 
long R2R dryer system used in this study is subdivided into the 
sections of 1 m long. The temperature in each section can be 
set individually.[35] The design of the dryer allows varieties of 
drying settings with fast and slow ramping a temperature. Here 
we report two drying settings which have the most of interest: 
i) the settings where the temperature was gradually increased, 
reaching the maxi mum of 140 °C after some time of drying, and 
ii) the setting where the maxi mum temperature was reached 
already from the beginning of the drying. Perovskite layer was 
coated and dried with the speed of 3 m min−1, which results in 
a total annealing time of 7 min using the drying system of the 
R2R line. The gradual increase of the temperature using set-
tings i) occurs in the first three sections of the driers, reaching 
140 °C after 1 min of drying. First results in CH3NH3PbI3 depo-
sition produced from PbI2 and methylammonium iodide (MAI) 
precursors in DMSO/2BE and dried with a gradual tempera-
ture ramping, leading to the formation of needle-like perovskite 
crystals (see Figure 1a). Formation of needle-like structures in 
CH3NH3PbI3 is widely described in a literature.[36,37] The theory 
behind the formation of needle-like structures is that a com-
plex adduct MAI·PbI2·xDMSO present in a precursor solution 
serves as the heterogeneous nucleation sites and can assemble 
into bulk structures within the solution because of the strong 
van der Waals bonding.[36] Resulting crystals, described in lit-
erature, typically have needle-like structures like those obtained 
in the R2R experiment. Modifying the drying settings to faster 
temperature ramp-up, where the solvent evaporation was accel-
erated which speeds-up the crystallization process, results in 
the formation of the plate-like crystals (Figure 1b). This effect is 
similar to so-called “hot-casting” deposition process,[16,37,38] and 
the similarity should come from the fact that the crystals have 
a rather fast growth when the solvent is still present due to the 
quick rise in temperature, resulting in a semi-wet growth that 
allows fabricating bigger crystals. However, despite the appear-
ance of plate-like crystals in the CH3NH3PbI3 layer, a substantial 
number of needle-like crystals were still present.

To further improve the quality of the perovskite layer and its 
crystal structures, the following R2R experiments were focused 
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on the preparation of mixed-cation mixed-halide perovskite 
layers: Cs0.15FA0.85PbI2.85Br0.15, containing cesium (Cs) and for-
mamidinium (CH3(NH2)2+, FA) cations. A lot of reports[39–42] 
point on the enhanced crystal formation using mixed 
A-cation combinations such as MA, FA, and Cs. According to 
Rehman et al.,[41] the mixed-cation mixed-halide perovskites 
CsyFA(1−y)Pb(BrxI1−x)3 could be crystallized at much higher tem-
peratures than previously reported hybrid perovskites, which 
lead to materials with high levels of crystallinity. This suggests 
the usage of mixed-cation mixed-halide perovskites in R2R 
experiments instead of CH3NH3PbI3. Furthermore, usage of 
the dual A-cation (CsFA) based precursor composition has an 
additional advantage for a large-scale R2R processing, which 

obviously is almost never really considered at 
a lab scale processing. Dual A-cation compo-
sition does not contain methyl ammonium, 
the usage of which can be critical for mass 
production. Investigating the gas phases 
produced during heating up the precursor 
and/or perovskite at high temperatures, the 
researchers from SPECIFIC detected the for-
mation of methyl iodide (CH3I) as a product 
of the decomposition of CH3NH3I and 
СH3NH3PbI3.[43] Due to its hazardous nature, 
the presence of CH3I is not acceptable in 
mass production processes. Although the 
detection of CH3I occurs only at the tempera-
tures above 200 °C, still, the potential risk for 
humans and the environment must be com-
pletely omitted during the manufacturing 
and the usage of the PSC. Thus, the usage of 
MA-free composition for manufacturing PSC 
is supported and highly desired for a future 
large-scale mass production.

A similar solvent composition and drying 
settings, used for CH3NH3PbI3, were applied 
in the manufacturing of a mixed-cation 
mixed-halide perovskite (Cs0.15FA0.85PbI2.85 
Br0.15). As expected, the crystallization pat-
tern of the R2R manufactured Cs0.15FA0.85 
PbI2.85Br0.15 layer was different from the 
previously described CH3NH3PbI3 layers, as 
shown in Figure 1с,d. The microstructures 
of the layers with both slow and fast tem-
perature ramp-up lead to the formation of 
plate-like crystals, and there is no tendency 
to the formation of needle-like crystals which 
observed in the CH3NH3PbI3 composition. 
Moreover, it seems that a fast temperature 
ramp-up has a positive effect on the crystalli-
zation process: the crystal grains are densely 
packed forming uniform layer. The scan-
ning electron microscope (SEM) image of 
this perovskite layer is shown in Figure 1e. 
The uniformity of the layer over large area 
was checked using optical microscope. The 
images taken with the interval of ≈1.5 cm 
along the entire width of the substrate (per-
pendicular to the coating direction) demon-

strate the high uniformity of the coated layer (see Figure S5, 
Supporting Information). The cross-section of two R2R coated 
layers on ITO substrate is presented in Figure 1f, confirming 
that the thicknesses of the obtained layers were in the ranges 
of 146 nm ITO, 47 nm SnO2, and 600 nm perovskite layer. The 
X-ray diffraction (XRD) analysis and UV–Vis absorption of opti-
mized coatings, shown in Figure 2, confirm full conversion of 
the precursor to perovskite phase.

To further evaluate the quality of the R2R processed perov-
skite layer individual PSC devices were manufactured using  
Cs0.15FA0.85PbI2.85Br0.15 perovskite dried with the fast 
temperature ramping, corresponding to the layer shown in 
Figure 1d–f. In this experiment, two layers (SnO2 and perovskite)  

Adv. Energy Mater. 2018, 8, 1801935

Figure 1. The microstructures (optical microscope) of the perovskite layers: a) and  
b) CH3NH3PbI3 layer dried at 140 °C with slow and fast temperature ramping, respectively.  
c) and d) Cs0.15FA0.85PbI2.85Br0.15 layer dried with slow and fast temperature ramping, respectively. 
e) The SEM image of this perovskite layer presented in (d). f) Cross-sectional FIB–SEM image of 
SnO2 and perovskite layers R2R coated on PET/ITO substrates, the perovskite layer Cs0.15FA0.85

PbI2.85Br0.15 dried with fast temperature ramping (corresponding to the images (d) and (e)).
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were produced by the R2R slot die coating in the ambient atmos-
phere (RH 60% and the temperature 25 °C) on a PET/ITO sub-
strate. Subsequently, pieces of the foil (see Figure 3) were cut 
out from the produced PET/ITO/SnO2/Perovskite roll and PSC 
devices were completed either by spin coating hole-transport 
layer (HTL) (Spiro-OMeTAD) with the following thermal evapo-
ration of the Au contacts (an example of the devices is shown 

in Figure 3). In approximately three months after finishing 
the experiment, another R2R experiment took a place, where 
SnO2 and Perovskite were deposited with the identical R2R set-
tings. But different deposition method was applied for Spiro-
OMeTAD. In the second experiment Spiro-OMeTAD was S2S 
slot die coated. The S2S deposition process of Spiro-OMeTAD is 
described by us elsewhere.[19] Both the experiments (see details 
of the Spiro-OMeTAD deposition in the Experimental Section) 
show very comparable results, pointing on a reproducibility 
of the developed R2R technologies. The JV curves of the best 
performing device (the devices from the second experiment) 
having an active area of 0.09 cm2 are shown in Figure 4a. The 
reverse JV scans of the best performing devices demonstrate 
PCE values as high as 15.2%. The JV scans were performed 
with a scan rate of 300 mV s−1. Performing the measurements 
with relatively high scan rate results in substantial hysteresis 
in the JV curves measured under forward and reverse bias 
(observed also for the spin-coated equivalent). To determine a 
more reliable efficiency of the devices, a maximum power point 
tracking was performed for 150 s, as shown in Figure 4b. Thus, 
a stabilized efficiency of up to 13.5% was measured, which is 
the highest value reported so far for R2R processed perovskite 
solar cells and is a remarkable PCE among all the others flexible 
PSCs reported so far.[21] To demonstrate a statistical distribution 
in the PCE values over the large coated area, more individual 
devices were manufactured where the pieces of the foil were 
taken from the different areas of the roll. An average stabilized 
efficiency out of two experiments was 12%. Figure 5 illustrates 
the distribution of the individual device parameters measured 
under both reverse and forward scans in two experiments.

The perovskite thickness of 600 nm appears to be optimal 
for the uniform layer formation and provides best PCEs. The 
thinner layer (≈400 nm) results in a high number of pinholes 
in the perovskite layer, as shown in Figure S6a (Supporting 
Information). On the contrary, although the thicker layer is 
highly dense (see Figure S6b, Supporting Information), high 
thickness of perovskite layer (900 nm) negatively affects the 
device performance (see Figure S7, Supporting Information) 
leading to lower efficiency and worse reproducibility of the 
results. A comparison between the PCEs of R2R manufactured 
devices and the PCEs of the devices produced by spin coating 
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Figure 2. a) XRD pattern and b) UV–vis absorbance of R2R coated 
perovskite layer Cs0.15FA0.85PbI2.85Br0.15.

Figure 3. Photograph images of the roll-to-roll coated perovskite layer (Cs0.15FA0.85PbI2.85Br0.15) and an example of the manufactured flexible devices.
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on glass substrates is presented in the Supporting Informa-
tion. Notably, the identical stack produced from the perovskite 
precursor dissolved in DMF on glass substrates using spin 
coating results in an average stabilized efficiency of 15.8%. 
While using a DMSO/2BE solvent system for manufacturing of 
perovskite layer results in an average stabilized PCE of 13.5% 
(see Figure S3, Supporting Information). This is just slightly 
higher of the average PCEs obtained on a flexible substrate 
using R2R slot die coating. This difference can be addressed to 
the difference in the sheet resistance of the ITO electrode used 
in manufacturing of glass-based and flexible substrates. This 
statement was confirmed by measuring flexible R2R manu-
facturing devices with a smaller shadow mask, which results 
in the higher PCE of the devices. Thus, measuring the devices 
with the mask of 0.04 cm2 results in the stabilized PCEs up to 
14.5%. Finally, flexibility test with R2R manufactured devices 
using a bending radius of 10 mm reveals that after 1000 
bending cycles the stabilized maximum power point (MPP) 
tracked efficiency remains unchanged (see Figure S6, Sup-
porting Information). The efficiency of these devices also does 
not change after 1000 h of storage in a nitrogen atmosphere.

3. Conclusion

This study is the first public demonstration with a proven feasi-
bility for the R2R slot die coating of the electron transport layer 
(ETL) and the perovskite layer over the large area on flexible 

substrates with a width of 30 cm. The developed deposition 
processes allowed a manufacturing of individual perovskite 
photo voltaic devices with the stabilized PCE of up to 13.5%. The 
coatings of ETL and perovskite are performed under ambient 
atmospheric conditions using industrially accepted solvents. 
Simultaneously, a R2R coating and high speed allowed the 
manufacturing of several hundred meters of the films with 
two coated layers. Although complete R2R manufacturing of 
the devices still needs to be elaborated (HTL and top electrode), 
the current intermediate research results are a proof of the con-
cept and at the same time a first solid step toward future manu-
facturing and commercialization of the perovskite-based PV 
technology. The video file demonstrating the R2R slot die coating 
and drying process of the perovskite layer on the Solliance  
R2R coating line is available in the Supporting Information.

4. Experimental Section
Tin oxide (SnO2) colloidal dispersion (15 wt%) purchased from Alfa 
Aesar was diluted by water and 1-butanol, in order to get 1.2 wt% 
solution. The volume fraction of 1-butanol was 10 vol%. R2R slot die 
coating of SnO2 solution was performed on the PET/ITO substrate  
(Eastman, 40 Ohm sq−1) with the speed of 5 m min−1 and dried with the 
same speed at 140 °C. Lead iodide (PbI2) (Sigma-Aldrich, 99%) and MAI 
(Dyesol, 99%) at a molar ratio 1.05:1 were dissolved in the DMSO/2BE 
solvent system and stirred at least 60 min before use. The DMSO/2BE  
solvent system contained 10% of 2BE. The precursor for mixed-cation  
mixed-halide system contained stoichiometric molar ratio of cesium 
iodide (CsI) (Sigma-Aldrich), formamidine iodide (FaI) (Dyesol) PbI2, 

Adv. Energy Mater. 2018, 8, 1801935

Figure 4. a) JV curves of the best-performing cell measured under forward and reverse scan. b) External quantum efficiency (EQE) and integrated 
current density in that devices. c) Maximum-power-point tracking of the best devices, measured under the bias VMPP. A star mark (*) at figure (a) is 
stabilized MPP tracked efficiency defined at figure (c). The best performing device is the devices from second experiment with slot die coated Spiro-
OMeTAD, it corresponds to the red star in Figure 5 at PCE plot.
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and lead bromide (PbBr2) (TCI), in order to fabricate Cs0.15FA0.85PbI2−xBrx 
perovskite phase. A R2R coating and drying of precursor solution  
was performed at the speed of 3–5 m min−1. The drying settings are  
presented in the results and discussion.

Two layers (SnO2 and perovskite) were R2R coated on a PET/ITO  
substrate, then small pieces of the foil were cut out from the roll and PSC  
devices were completed by either spin coating (experiment 1) or S2S slot 
die coating (experiment 2) of Spiro-OMeTAD and thermal evaporation 
of Au contacts. For spin coating, the Spiro-OMeTAD solution (80 mg 
of Spiro-O-MeTAD (Lumtec), 28 µL of 4-tert-butylpyridine, 17.5 µL of 
a 520 mg mL−1 LiN(CF3SO2)2N solution in acetonitrile, and 20 µL of a  
500 mg mL−1 FK209 cobalt salt in acetonitrile were added to 
1 mL of chlorobenzene) was spun at 2000 rpm for 60 s onto the 
perovskite film and resulted in the formation of a 200 nm thick  

hole transporting layer. S2S slot die coating was 
performed inside of the glove-box using nTact 
Coating System nRad 1. The Spiro-OMeTAD  
solution used for spin coating was diluted to the 
concentration of 30 mg mL−1. The deposition of 
Spiro-OMeTAD resulted in the dry layer of about 
200–250 nm, similar to those obtained using 
a spin coating. The complete Spiro-OMeTAD 
oxygen doping was attained by exposing the 
substrates to air under the controlled humidity 
(RH = 48%). Subsequently, the substrates were 
transferred to the thermal evaporator under the 
pressure of 1.0 × 10−6 mbar, where a 100 nm 
of Au back electrode was deposited on top of 
the Spiro-OMeTAD film. However, because the 
ITO electrode was not patterned, an insulating 
material SiOx was e-beam evaporated (Cryofox 
Scotty, rate 0.1 nm s−1) with a shadow mask 
under the Au contact points, in order to prevent 
shunting of the devices during the measurements. 
Then, the Au electrodes were evaporated with 
shadow mask to determining the active area of 
the device, which is 0.16 cm2. Finally, the devices 
were measured with the illumination mask of 
0.09 cm2. Due to nonoptimized methodology for 
the manufacturing of the flexible device on the 
nonpatterned ITO substrates, some devices were 
shunted. Shunted devices were removed from the 
statistical calculations presented in Figure 4. The 
manufacturing yields in both R2R experiments  
were ≈75% and 69%, respectively.

The J–V measurements were carried 
out under the simulated AM 1.5G sunlight  
condition, by using a tungsten–halogen lamp 
(≈100 mW cm−2) and a Keithley 2400 source 
meter. XRD measurements were carried out in a 
Bragg–Brentano configuration with a Panalytical  
Empyrean using Cu K(alpha) radiation. UV–visible 
absorption spectra were measured with a Agilent 
Cary 5000 spectrophotometer. The top view SEM 
pictures were acquired with a Jeol JSM-6010LA  
IntouchScope, while cross-section images were 
acquired after a focused ion beam (FIB) milling.

Supporting Information
Supporting Information is available from the  
Wiley Online Library or from the author.
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Figure 5. Statistical distribution of PCE, Jsc, FF, and Voc of the devices measured under forward 
and reverse scans in two individual R2R experiments. Red star at the PCE graph corresponds 
to the device presented in Figure 4.
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