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Toward High-Throughput Texturing of Polymer Foils for
Enhanced Light Trapping in Flexible Perovskite Solar Cells

Using Roll-to-Roll Hot Embossing

Marcos Soldera,* Qiong Wang, Flavio Soldera, Valentin Lang, Antonio Abate, and

Andrés Fabidn Lasagni

A path to further increase the power conversion efficiency of perovskite solar cells
is maximizing sunlight absorption using patterned substrates with enhanced
light-trapping capabilities. However, to be competitive with traditional solar cells,
especially in niche markets, low-cost texturing methods have to be developed.
Herein, a roll-to-roll hot embossing method to pattern flexible polyethylene
terephthalate (PET) foils is presented as a proof of concept. The cylindrical mold
for the embossing process is structured with periodic grooves by picosecond
direct laser interference patterning (DLIP). The optical characterization of the
textured PET shows a tenfold increase in the haze factor (diffuse-to-global
transmittance ratio) compared with flat PET due to the high-intensity diffracted
beams. Flexible triple cation perovskite cells deposited onto these patterned
substrates show on average an 8% (relative) higher efficiency than similar devices
deposited on a reference flat PET substrate. This enhancement can be attributed
to the increase in light trapping provided by the textured substrate. Finally, a cost
analysis model shows that the additional cost of integrating the proposed hot
embossing step into a perovskite solar module manufacturing facility will rep-
resent less than 0.35% of the initial fabrication cost.

sources, and for colored or arbitrary-shaped
solar modules for decorative purposes as
in building facades.'™ Furthermore, the
possibility to fabricate flexible solar mod-
ules offers the possibility for integrating
the whole manufacturing process into a
roll-to-roll (R2R) facility with the potential
of reducing dramatically the manufac-
turing costs.”! In this type of process, a
flexible substrate, for instance, polymeric
or metallic, is sequentially coated with
the perovskite and functional thin films
using either printing!®”! or physical vapor
deposition® % techniques. The process
counts also with laser scribing steps to
allow the series connection of solar cells
and with in-line characterization tools to
monitor the whole manufacturing pro-
cess.'" In the past years, many advances
have been reported toward the R2R fabrica-
tion of perovskite-based solar cells and
modules.>*%

In the quest for flexible devices with

1. Introduction

Solar cells based on hybrid perovskite absorbers are promising
low-cost energy sources for those applications where traditional
silicon solar cells cannot compete, for instance, for energy-
harvesting semitransparent windows, for flexible wearable power

high efficiency, an optimized light management is required to
maximize the absorbed sunlight and consequently the power
conversion efficiency (PCE). Several approaches have been
developed to trap light more efficiently than conventional planar
cell designs. For instance, it was recently reported that the
efficiency of laboratory-scale perovskite cells can be increased
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by integrating diffraction gratings onto the outer side of the
substratel®” or directly inside the device,****! using up-/down-
converter coatings or nanoparticles,****! using random micro-
structures to promote light scattering,**?”) and including back
electrodes capable of producing plasmonic effects.?*?° How-
ever, all of them involve multiple time-consuming processing
steps and none of them have been produced and tested in
R2R facilities yet. Therefore, their feasibility for industrial-scale
integration is still an open question.

A convenient path to integrate a simple yet effective light-
trapping technique in flexible perovskite solar cells compatible
with R2R processing is directly structuring the transparent poly-
meric substrates by hot embossing in the R2R line. Although this
well-established method is suitable for the production of
patterned foils at high throughputs as well as providing features
with high resolution,?*>? the manufacturing of cylindrical
molds, or sleeves, is still challenging. Commonly, the sleeves
are treated by optical or electron beam lithography, electro-
plating, nanoimprint lithography, or a combination thereof,
implying several manufacturing steps.*>=® In contrast to these
methods, direct laser interference patterning (DLIP) is a one-step
processing technique able to structure seamless sleeves with fea-
ture sizes below 1 pm and at processing speeds already reaching
57 cm® min 1.7 In this method, two or more coherent laser
beams are overlapped on the sample surface resulting in a peri-
odical intensity distribution within the interference volume. If
the absorbed laser energy is high enough, the material is locally

mirror (b)
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removed, producing a repetitive surface pattern with a spatial
period in the typical range from 500nm to 10 pm."**~** This
technique has already been used to pattern a wide range of com-
plex textures on different materials at throughputs approaching
1m?*min~" for flat substrates.**~*"!

The aim of this work is to perform a proof-of-concept study to
assess the technical and economic feasibility of increasing the
efficiency of state-of-the-art perovskite solar cells using polymeric
substrates structured by R2R hot embossing. It is proposed to
use DLIP to structure the cylindrical mold, as this technique
is easily scalable to industrial production.

2. Results and Discussion

2.1. Patterned Polyethylene Terephthalate Foils

A 300 mm-long nickel sleeve was structured by DLIP using the
in-house developed setup shown schematically in Figure 1a,b.
Three DLIP heads designed for each laser output wavelength,
namely 355, 532, and 1064 nm, are mounted on independent lin-
ear Z-axes which in turn are installed on a linear X-axis. The light
beam is propagated from the laser source by mirrors to the
corresponding optical head and then directed to the processing
area. The sleeve is mounted on a pneumatic steel cylinder fixed
in a rotary axis. This DLIP prototype is designed to structure
cylindrical samples with diameters up to 400 mm and lengths
up to 1000 mm. The resulting sleeve, shown in Figure 1c, was

Figure 1. Schematic setups of the a) DLIP optical head and b) DLIP system including three optical heads (one for each laser wavelength) and the rotating
sample holder for metallic sleeves. Photographs of c¢) DLIP-structured nickel sleeve and d) an imprinted PET foil by R2R hot embossing suggest good

homogeneity over large areas.
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structured uniformly along 250 mm, in the axial direction, and
completely along the radial direction, i.e., a complete revolution.
This sleeve was used as a mold in a R2R hot embossing process
to pattern a 200 pm-thick polyethylene terephthalate (PET) foil.
The imprinted polymer, shown in Figure 1d, has a rainbow
appearance across the entire area due to diffraction of light by
the periodic microstructures.

The topography of the R2R imprinted PET foils was character-
ized by atomic force microscopy (AFM), as shown in Figure 2.
The profiles were obtained along the dotted lines, as shown in
Figure 2a,b. The DLIP-generated periodic line-like structures
have a spatial period of 2.7pm and an average height of
~600 nm. In addition, smaller repetitive features were trans-
ferred from the sleeve to the polymer. As reported in previous
studies, these structures correspond to laser-induced periodic
surface structures (LIPSS), which were already observed in many
different materials after pulsed picosecond and femtosecond
laser radiation.”®>" Typically, these features can be classified
into two groups. On the one hand, low-spatial-frequency
LIPSS (LSFL) are commonly oriented perpendicular to the polar-
ization direction and have a typical lateral size on the order of the
laser wavelength. On the other hand, high-spatial-frequency
LIPSS (HSFL) are commonly orientated along the polarization
direction and have a characteristic size much smaller than the
used wavelength. In Figure 2a, LSFL are identified on top of
the DLIP-generated line-like structures and characterized by a
lateral length of about 700 nm, which is on the order of the used
laser wavelength (1064 nm) and a height between 80 and 150 nm.
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HSFL are identified in Figure 2b with an orientation perpendic-
ular to the DLIP grooves and with a characteristic length and
height of ~250 and ~30 nm, respectively. As the embossed tex-
ture corresponds to the negative of the master, the LIPSS were
mainly produced in the valleys of the laser-treated sleeve, which
also coincide with the positions of the maxima intensity in the
DLIP process. The dimensions of the observed LSFL and HSFL
are in agreement with values measured in metallic samples irra-
diated also with picosecond-laser pulses with wavelengths
between 800 and 1030 nm.”?*¥ The presence of LIPSS with
nanometric features on the imprinted PET have important impli-
cations. For instance, it serves as an indicator that during the hot
embossing process, even the deepest cavities of the sleeve could
be filled by the soft polymer.?”*#! In addition, it is demonstrated
that the obtained foil has a hierarchical topography with three-
level scales, namely the DLIP-produced grooves and the self-
organized LSFL and HSFL. The optical effects of these micro-
and nanostructures are addressed in the following sections.
To characterize the optical properties of the structured PET
foils, global and direct transmittance measurements were done
on ten different positions of the imprinted PET over the perov-
skite absorption spectrum, namely in the spectral range from 350
to 850 nm. Figure 3 shows the resulting average haze factor H
(thick line), defined as the ratio between the diffuse and the
global transmittance,”* and its standard deviation bands (shaded
areas). For comparison, the haze factor of the untreated PET is
shown with a dotted line. The high haze factor of the structured
samples, especially for shorter wavelengths, clearly demonstrates
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Figure 2. Atomic force microscopy images of a PET-imprinted foil and profiles along the green lines. a) LSFLs with an average spatial period of 700 nm are

indicated and b) HSFLs with a lateral feature size of 250 nm are shown.
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Figure 3. Average haze factor of flat (dotted line) and structured (thick
line) PET samples. The gray bands represent the standard deviation of
the haze factor in the structured PET. The stars represent the average
measured diffraction efficiency (see text for details). The inset shows a
photograph of the diffracted beams by the imprinted PET sample.

that a large amount of the incident radiation propagates through
angles different from the direct path, which is convenient for
enhancing the light-trapping effect in the solar cells. As the
imprinted grooves are periodic, the structured PET diffracts light
into well-defined angles, as shown in the photograph in the inset
of Figure 3. The intensity of the zero, first, and second orders
(both positive and negative) at ten different positions of the
imprinted PET were recorded (the low intensity of higher orders
could not be measured with the used setup) and the diffraction
efficiency DE is calculated as follows

DE = M, (1)

Iy
where I; is the intensity of the diffracted ith order.

In Figure 3, the average DE and its standard deviation are
shown with stars at the wavelengths of 532 and 636 nm.
Interestingly, the measured DE is close to the average haze factor
and enclosed within the standard deviation ranges. Therefore, it
can be concluded that although some light scattering is present,
most probably due to LIPSS and imprint nonhomogeneities, the
dominant mechanism responsible for the high haze factor is
diffraction.

2.2. Flexible Perovskite Solar Cells

Perovskite solar cells were deposited onto flat and structured PET
foils. The scanning electron microscopy (SEM) images in
Figure 4, which were taken at a tilting angle of 52°, represent
cross cuts done with Ga-ion milling using a focused ion beam
(FIB) in a flat (Figure 4a) and textured (Figure 4b,c) perovskite
solar cell. In Figure 4a, the different layers are identified and
labeled. In the cross cuts of the textured cell, the periodic
line-like structures imprinted on PET with a spatial period of
2.7pum can be recognized. Also, smaller repetitive structures
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Figure 4. SEM images of cross cuts done with FIB milling of a) flat and b,
c) textured perovskite solar cells deposited on PET. Note that the vertical
scale bar is corrected for the tilted viewing angle of 52°.

can be identified corresponding to the LSFL, as previously shown
in the AFM images of Figure 2. The spatial period of LSFL lies in
the range between 400 and 600 nm, whereas their vertical feature
size is ~140 nm, in agreement with the AFM measurements.
Figure 4b shows clearly that indium tin oxide (ITO) grew confor-
mally on the hierarchically textured PET. While the interface
between the perovskite and spiro-OMeTAD still follows the peri-
odicity of the line-like structures, the LIPSS features cannot be
distinguished at this interface. It can be observed that despite the
spiro-OMeTAD layer having a nonuniform thickness ranging
from roughly 30 to 210nm, shunts between the perovskite
and Au are not identified.

The performance of the solar cells was characterized by
current—voltage curves and external quantum efficiency (EQE)
measurements. Figure 5 shows the output parameters,
i.e., a) PCE, b) short-circuit current (Jsc), ¢) open-circuit voltage
(Voo), and d) fill factor (FF), measured under simulated AM1.5G
illumination of the perovskite solar cells deposited on flexible flat
(10 devices) and textured PET (15 devices) as well as on rigid ITO-
coated glass (12 devices). Due to the hysteresis present in these
types of solar cells, the electrical parameters shown in Figure 5
are determined from the reverse bias cycle (from open-circuit to
short-circuit conditions).”>** The open circles are the measured
data, whereas the top edge, the middle line, and the bottom edge

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

a T T T
@ [ ]
O
12} e} J
:\o\ b=y 45 (@] oo
~ 10} 1
i o Q et
o 8L o mou @) i
o © OO
6L (e} OO J
(b) t t t
22t Co l
T leed o g ’%8318—%
b e e84 [O =] &0
L e g o= < J
E 20 o) o
) o o)
—
18} .
(C) t t
>
=091 o )
>0
0.8+ 1
o]
0.7+ o 1
(d) t t t
=== o
—_ (o1 ©
X 50t = 2 .
w o, g-8
T ol 9 Y 12 ]
O A~ o
1) N
30k . i ; 1
glass flat PET textured PET

Figure 5. Box chart of photovoltaic parameters, namely a) PCE, b) s,
¢) Voo, and d) FF, of perovskite solar cells deposited on top of glass
(black), flat PET (red), and textured PET (blue) substrates.

of the boxes represent the 75%, 50% (or median), and 25% per-
centiles, respectively, of the corresponding measured output
parameter in each substrate type. The solid squares stand for
the average value. All the performance parameters in the PET-
based devices showed fluctuations within the same processing
batch, which can be probably caused by the deviation in the film
thickness of the perovskite layer and the top hole transport layer.
In addition, the textured samples showed a higher dispersion in
all the electrical parameters compared with the flat cells, which
can be attributed to inhomogeneous imprinted structures. This
could lead to nonuniform layer thicknesses yielding for instance
a spread from sample to sample in the light absorption, series
resistance, or built-in electric field. As reported in previous stud-
ies, these factors can influence significantly all the solar cell per-
formance parameters.”’~*% On average, the textured solar cells
have an efficiency of 9.4%, which is 8% (relative) higher than the
average efficiency of the flat cells but still 33% lower than the
average efficiency of the glass-based devices. This difference
could have originated in the different processing conditions of
the glass- and PET-based devices. First, the commercial ITO-
coated substrates have a low sheet resistance in contrast to the
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sputtered ITO on PET substrates. Although further annealing
at 180°C after sputtering of ITO could help to increase its
conductivity,®! this thermal process would permanently damage
the PET substrate, and it is thus not viable for these cells.
Second, the low processing temperature of the perovskite film
at 60 °C may result in an increased presence of defects in the
perovskite film, which yielded a relatively low open-circuit
voltage and FF.

The average short-circuit current and FF are higher in the tex-
tured devices compared with those deposited on flat PET by 2%
and 4%, respectively, and they explain the higher efficiency in the
textured solar cells. The open-circuit voltage is the parameter that
shows the lowest dispersion in the three types of solar cells. In
this case, there is no significant difference between the average
Vo in the flat and textured PET-based solar cells.

Despite the glass-based devices showing the best average out-
put parameters, the best-performing textured solar cell has an
efficiency of 13% which is even higher than the average efficiency
of 12.5% in the cells deposited on glass.

The current-voltage curves of the best devices deposited on
glass, flat, and textured PET are shown in Figure 6a and their
output parameters are shown in Table 1. In the inset of
Figure 6, a photograph of the flexible device deposited on
structured PET is shown. The key factor that allows a high effi-
ciency in the textured cell is the increased short-circuit current
of 22.3mA cm™?% which is 10% higher than the average Ji.
of the flat PET devices and 8% higher than that of the glass-
based cells.

Figure 6b shows the EQE (left axis) and the integrated short-
circuit current calculated from the EQE (right axis), of the best-
performing solar cells deposited on glass (black line), flat PET
(red line), and textured PET (blue line) substrates. It is shown
that for wavelengths shorter than 550nm, the EQE of the
glass-based device is higher than the EQE of the PET-based devi-
ces, especially in the ultraviolet (UV) spectrum which is strongly
absorbed by the PET substrates. As a consequence, in this spec-
tral range, the integrated J. is higher for the solar cell deposited
on glass than the PET-based devices. In contrast, the cells depos-
ited on PET have a higher EQE for wavelengths longer than
550-600 nm and, particularly, the integrated J,. of the textured
device exceeds that of the glass-based cells for wavelengths longer
than 655 nm. In the right-most column of Table 1, the integrated
Jsc in the whole spectral range is listed. Unsurprisingly, the val-
ues of J;. obtained directly from the current-voltage curves and
calculated from the EQE data do not match, but still both
methods show that the textured device delivers the highest J,
followed by the glass- and flat PET-based devices, respectively.
Aside from experimental uncertainties, the mismatch between
the Jq. values obtained using both methods can be attributed
to several factors. For instance, while during the recording of
the current-voltage curves, the total device area is illuminated,
in the EQE setup, the illuminated area is smaller. This may cause
that during the EQE measurement, the dark area acts as a
shunting load for the illuminated area draining partially the pho-
tocurrent.®”) Another mismatch factor is the fact that to calculate
Jsc from EQE data, a standard AM1.5 G spectrum is used, where-
as the solar simulator (based on a Xe lamp) used to record
the current-voltage curves has a different spectrum.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Current—voltage curves under illumination, b) EQE measure-
ments and integrated short-circuit current, and c) global reflectance of the
best-performing devices deposited on glass and flat and structured PET.
The photograph of the inset in (a) shows a flexible perovskite cell depos-
ited on the imprinted PET foil.

When comparing the solar cells fabricated on PET, the EQE of
the textured device is higher than the flat cell in the whole spec-
tral range. This enhancement is a clear hint that the patterned
substrate enables light trapping inside the cell and increases
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Table 1. Electrical output parameters of the best-performing devices
deposited on glass and flat and textured PET.

Sample PCE [%] Jsc [MACM™] Voo V] FF (%] Jscrqe [MACm ™2
Glass 14.0 21.0 1.106 606 20.2
Flat PET 11.3 211 1.044 516 19.9
Textured PET  13.0 223 1.069  54.4 20.9

J.eqe is the short-circuit current calculated from the EQE data.

sunlight absorption. Moreover, the global reflectance (see
Figure 6c¢) of the textured device is lower than 7% in the visible
spectrum, and it is significantly lower than the reflectance of the
flat cells deposited on both PET and glass. The photocurrent loss
associated with the reflectance, which is calculated by integrating
the standard AM1.5G spectrum modulated by the measured
reflectance in the range from 350 to 800 nm, is 4.6 mA cm™>
for the glass-based device, 4.3 mA cm 2 for the flat PET, and
3.4 mA cm ™ for the textured solar cell. The lower reflectance loss
observed in the textured solar cell compared with the flat devices
explains the ~1 mA cm ™2 higher short-circuit current observed
in this device.

2.3. Cost Analysis

Considering that, adding the R2R hot embossing step into the
solar module production line increases the fabrication costs, a
manufacturing cost analysis based on the model developed by
Chang et al.” is presented next to evaluate the economic poten-
tial of this technology. In that study, five different layer deposi-
tion sequences deposited on PET foils are considered, none of
which coincide with the cell stack used in this work.
Therefore, to keep the following analysis as general as possible,
three of those sequences representing middle, high, and low
manufacturing cost scenarios are considered. Namely, sequence
A has an estimated cost of 65 U$ Sm™2, sequence C has the
highest cost of 74 U$S m ™2, mainly due to the use of the expen-
sive transport layers poly(3-hexylthiophene) (P3HT) and phenyl-
C61-butyric acid methyl ester (PCBM), and sequence E has the
lowest cost of 37 U$S m ™2, as cheaper ITO-free electrodes, called
“Flextrodes,” are used. Some of the processing steps involved in
these sequences require mild annealing steps with temperatures
ranging from 60 °C to 140 °C (see the study by Change et al.l”
and references therein), which are compatible with PET sub-
strates. For instance, the deposition of the “Flextrode” layer
requires an annealing step of 140 °C in a hot-air convection oven
(size 2 x 2m?) at a web speed of 10 m min™", implying that the
PET foil is exposed locally at this temperature for only 12 s and,
therefore, thermal damage in the substrate is prevented.l® In
turn, for the ITO-based sequences, no additional annealing steps
would then be needed after the sputtering of ITO onto the
patterned PET foil.[**%!

Chang et al. assume multiple R2R lines running simulta-
neously at a solar module throughput of 4m*h™" in each
line to reach a total factory throughput of 830000 m?/year
(i.e., 0.83km?) in a 24/7 operation regime. Considering that
the solar module has a width of ~300 mm, this is equivalent

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to running each line at a web speed of only 0.07 m min~"', much

slower than the value of 4mmin~" used in this work and also
much slower than the maximum attainable speed of the used
R2R hot embossing unit of 50 m min~". Thereby it seems rea-
sonable to run a single hot embossing unit at full speed to pattern
the PET substrates independently of the solar module production
lines, instead of equipping each line with a hot embossing unit.
With this assumption, the patterned PET coils can be stocked and
then mounted on the perovskite modules R2R lines on demand,
which implies that the hot embossing step would not reduce the
factory throughput. Even at a moderate web speed of 30 m min™,
operating in a single 8 h shift during 5 days a week and 48 weeks
per year, a hot embossing throughput of 1.05km? can be
achieved. With these considerations, the manufacturing cost
for the hot embossing process is estimated at 0.12 U$Sm™2,
assuming an equipment cost of 300 kUS$S, a depreciation time
for the equipment of 7years (as in the study by Chang
et al.®)), an annual sleeve purchase cost of 5 kU$S, a technician
working in the same shift as the unit at a cost of 12.1 U$Sh~",F
and 100% overhead costs of 50 kU$S year '. Remarkably, the
extra cost for the hot embossing unit represents only a tiny frac-
tion of the total manufacturing cost. For instance, for the low-cost
sequence E, it represents less than 0.35% of the total cost.

Naturally, the cost per watt peak (Wp) depends on the
assumed initial solar module efficiency, the geometric FF (i.e.,
the actual usable fraction of the module area), as well as the
expected PCE increase after the hot embossing patterning step.
Figure 7 shows the cost per Wp estimation for the sequences A,
C, and E, with a reasonable geometric FF of 68% and assuming a
relative efficiency increase of 5%, 10%, and 15%, due to the light-
trapping capability of the textured PET. It is shown that the cost
reduction correlates almost linearly with the expected relative
PCE increase, which is attributed to the practically negligible cost
of adding the hot embossing step compared with the total
manufacturing cost. For example, considering a solar module
fabricated following the sequence A with an initial efficiency
of 12%, the cost per Wp can be reduced from 0.64 U$S per
Wp to 0.55 US$S per Wp assuming an efficiency enhancement
of 15% (relative) after the hot embossing step.

— reference value
- +5% PCE

AAAAAAAAAAA +10% PCE

= - =~ +15% PCE

-
(5]
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sequence A |

e
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cost per Watt peak (U$S/Wp)
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Figure 7. Cost reduction calculation upon incorporating the presented
R2R hot embossing method into a perovskite solar cells manufacturing
facility, according to the technoeconomic model by Chang et al.®!
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3. Conclusions

In this contribution, a high-throughput and cost-effective
method was presented to pattern PET foils with enhanced
light-trapping capabilities for flexible perovskite solar cells.
Namely, the PET substrates were imprinted by hot embossing
in a R2R unit at a web speed of 4 m min~" using a structured
nickel sleeve previously patterned by picosecond DLIP. The opti-
cal characterization of the imprinted samples revealed a more
than tenfold increase in the haze factor compared with the flat
substrates, which was mainly attributed to the high intensity of
the first- and second-order diffraction peaks. The triple cation
perovskite solar cells deposited onto these substrates showed
an increase in the short-circuit current and PCE compared with
the flat reference cells, due to enhanced light absorption. The
maximum achieved efficiency was 13% in the textured cells,
which is 15% (relative) higher than the best flat PET-based cell
but still 8% (relative) lower than the best cells deposited on com-
mercial ITO-coated glasses. The main difference between the
preparation steps of glass and PET-based cells is the low perov-
skite layer annealing temperature of the PET-based devices
imposed by the low thermal resistance of PET. Further studies
should be conducted to reduce the defect concentration in the
perovskite layer annealed at temperatures lower 70°C. In
addition, to address the performance of the flexible solar cells,
further electrical characterization over multiple bending cycles
should be conducted.

Finally, a cost estimation analysis for perovskite solar modules
was adapted including the proposed hot embossing step, show-
ing that the associated additional costs are negligible compared
with the module manufacturing cost.

4. Experimental Section

Materials: A nickel sleeve with a thickness of 200 um, a width of
300mm, and a diameter of 300mm (Saechsische Walzengravur
GmbH, Germany) was structured by DLIP. The sleeve initial surface rough-
ness (Sa) was 61 nm. Before and after the laser process, the sleeve was
cleaned using isopropanol. No additional coatings, such as antisticking
layers, were applied to the sleeve before or after the laser treatment.

For the hot embossing process, a 200 pm-thick and 250 mm-wide
glycol-modified polyethylene terephthalate (PET-GAG) foil (Piitz Folien
GmbH + Co. KG, Germany) was used as the substrate. According to
the manufacturer, the PET Vicat softening point was 71 °C.

Sleeve Structuring by Direct Laser Interference Pattering: An in-house DLIP
(developed by Fraunhofer IWS—TU Dresden) setup equipped with a
picosecond-pulsed solid-state laser (Edgewave PX200, Germany) with
an output power of 10 W was used to pattern the Ni sleeve. The laser oper-
ated at a wavelength of 1064 nm, a pulse duration of 10 ps, a repetition
rate of 10 kHz, and a fluence on the sample of 2.2 ] cm 2. The optical head
is described schematically, as shown in Figure Ta, and it consisted of a
diffractive optical element (DOE) to split the primary laser beam into
two sub-beams which were parallelized by prism and then focused on
the sample by a lens. The sleeve was mounted on a rotary axis system,
as shown in Figure 1b. Adjusting the overlapping beams angle by varying
the distance between the prism and DOE, line-like structures with a spatial
period of 2.7 pm were fabricated. A pulse-to-pulse feed of 10 pm and a
hatch distance of 100 pm were set.

PET Patterning by R2R Hot Embossing: The used R2R hot embossing
system (R2R Basecoater BC51, Coatema Coating Machinery GmbH,
Germany) allowed web speeds from 1to 50 m min~" implying a maximum
throughput of 12.5 m* min~". The temperature of the top roller was held at

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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75 °C, slightly above the Vicat softening point of PET to avoid sticking to
the structured sleeve. The bottom roller was left at room temperature. The
web speed was set at 4m min~.

Direct and Global Transmittance: A spectrophotometer (Shimadzu
SolidSpec-3700, Germany) equipped with an integrating sphere was used
for measuring the diffuse and direct transmittance in the wavelength range
from 350 to 800 nm. The measurements were repeated in ten different
positions on the structured PET samples.

Diffraction Efficiency: To measure the diffraction efficiency of the struc-
tured PET, the samples were illuminated with green (532 nm) and red
(636 nm) lasers and the transmitted intensities of the zero, first, and sec-
ond diffraction orders were measured using an optical powermeter
(ThorLabs PM100D, Germany). Ten measurements at different sample
positions were carried out for each used laser.

Morphological Characterization: The topography of the structured PET
foils was measured with an atomic force microscope CoreAFM
(Nanosurf AG, Switzerland) in the tapping mode. SEM images were taken
using a FIB/SEM dual beam system (FEI Helios 600, Thermo Fisher
Scientific, USA) at an acceleration voltage of 5kV. Cross sections of the
solar cells were done with a FIB using Ga ions at an acceleration voltage
of 30kV. To prevent damage from Ga-ion imaging or milling, the regions
of interest were previously coated with a 100-500 nm-thick Pt layer depos-
ited by electron beam-induced deposition (EBID). On top of this layer, a
second thicker Pt layer with a thickness between 1 and 2 pm was deposited
by ion beam-induced deposition (IBID), improving the damage resistance
and allowing the preparation of homogeneous cross sections.

Perovskite Solar Cells Preparation: Prepatterned ITO-coated glass sub-
strates were purchased from Automatic Research GmbH (Germany).
The substrates were sequentially cleaned in soap water, acetone, and iso-
propanol for 15 min, respectively. Before the deposition of tin oxide, the
substrates were further processed by a UV—ozone treatment of 15 min.

PET substrates were cleaned with isopropanol for 10 min, and then they
were blown dry before the sputtering of ITO (100 nm). The substrates were
then transferred to the chamber for the atomic layer deposition (ALD) of
tin oxide using an Arradiance GEMStar (USA) reactor. Approximately 7 nm
ALD tin oxide was deposited using Tetrakis(dimethylamino)tin(IV)
(TDMASN) as the precursor, at a temperature of 60 °C with a growth rate
of 0.17 nm per cycle for 41 cycles.

Triple-cation perovskite was prepared and deposited as described in the
study by Wang et al.°! Here, the annealing temperature was 60 °C for PET
substrates and 100 °C for ITO-coated glass substrates. Spiro-OMeTAD
solution was prepared following the study by Wang et al.*®! Au thin film
with a thickness of ~80 nm was thermally evaporated as the top electrode.
All the devices had an active area of 0.16 cm?.

Device Characterization: The cells were illuminated with a standard
AM1.5G 100 mW cm 2 spectrum using a Wavelabs Sinus-70 LED class
AAA solar simulator. The light intensity was calibrated with a silicon refer-
ence cell measured at Fraunhofer ISE. The current-voltage (JV) curves of
perovskite solar cells were measured using a Keithley 2400 SMU with a
voltage step of 10 mV, an integration time of 50 ms per point, and settling
time of 50 ms after setting the bias level. The obtained scan rate was
100mVs™". The EQE spectra were measured using an Oriel
Instruments QEPVSI-b (USA) system integrated with a Newport 300 W
(USA) xenon arc lamp. Monochromatic light was obtained using a
Newport Cornerstone 260 (USA) monochromator and chopped at a fre-
quency of 78 Hz. Using optical fibers, the light was directed to the device
surface. Before recording the EQE, the spectrum distribution of the setup
was calibrated using a Si reference cell with known spectral response.

Device Reflectance: The reflection of full devices was measured using a
PerkinElmer Lambda 1050 UV/VIS/NIR spectrophotometer (USA) with an
integrating sphere.
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