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ABSTRACT: Light management is key to high-performance solar cells, particularly to

monolithic perovskite/Si tandem solar cells and in real field applications. Random
pyramidal textures of commercial Si solar cells (height ~2—5 um) allow for efficient
|

ight harvesting; however, solution processing of conventional perovskite thin films
(thickness ~0.5 pm) over these large textures exhibits bad coverage, resulting in

EQE

shunting paths. In response to this challenge, we present high-efficiency perovskite solar
cells (P }és) processed on replicated industry-applicable random pyramidal textures
with a smaller pyramid size of ~1—2 pm. As a first step, we develop planar PSCs with

close to micrometer thick perovskite absorber layers that maintain efficient charge
carrier extraction by using a Lewis base additive and exhibit a power conversion

A
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efficiency of up to 18%. Employing these thick films in textured PSCs with inverted
pyramids improves the light management as compared to the planar reference, with the
AM 1.5G weighted reflectance being reduced from 9.9 to 5.2%. The reduced broadband
reflectance in conjunction with enhanced light trapping increases the current generation by 7.7% relative, which corresponds to

87.3% of the maximum attainable short-circuit current density. In addition, we maintain a high fill factor and open-circuit voltage
comparable to that of the planar reference PSC despite the increased surface area of the texture. Thereby, our champion textured

PSC exhibits a stabilized power output of 18.7% at maximum power point tracking for S min. Finally, the textured PSCs also exhibit
improved current generation for all angles of incidence, emphasizing their advantages at realistic irradiation conditions and for
bifacial applications.
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INTRODUCTION

In recent years, perovskite/silicon (Si) tandem solar cells,
particularly the monolithic two terminal (2T) architecture,
have emerged as one of the most promising candidates for low-
cost and high-efficiency next generation photovoltaics (PVs)
with the potential to surpass the theoretical limit of single-

monolithic perovskite/Si tandem solar cells is commonly
limited by the bottom cell for a wide range of perovskite band
9,11,15,16 . ) . . .
gaps, both antireflection and light trapping properties
. . 7'8,16-20 .
are required to enable current matching. The pyramidal
random textures employed in commercial Si PV are introduced
by inexpensive anisotropic wet chemical etching steps. These
textures both reduce the reflection losses and enable efficient

junction solar cells (33%)." Recently, Albrecht and co-workers
have reported a new record power conversion efficiency (PCE)
of 29.80% for 2T perovskite/Si tandem solar cells,” just shortly
after they achieved a PCE of 29.15%. Both surpass the record
PCE of single-junction Si solar cells of 26.7%.” The rather
straightforward integration of the 2T architecture in con-
junction with benefiting from less interlayers that induce
parasitic absorption losses gives it an advantage compared to
the alternative 4T and 3T architectures.*”® However, the 2T
architecture requires efficient light management strategies to
maximize and match the current generation in both
subcells.””* Yet, the vast majority of reported high-efficiency
2T perovskite/Si tandem solar cells use front-side polished Si
wafers.”~"? While this approach is compatible with laboratory-
scale fabrication, it is industrially not the most favorable
option.'* Moreover, considering that the current generation in

light trapping, the latter referring to an enhanced optical path
length that increases the absorption probability near the band
gap.”' >’ Commercial random pyramidal textures for Si PV
exhibit a pyramidal texture with a peak to valley distance of ~5
pum, which results in excellent light management.l7’24_26
However, such large textures are not compatible with
solution-processed perovskite thin films that have a typical

thickness of ~0.5 um.”” Some earlier studies demonstrated
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Figure 1. Top view scanning electron microscopy (SEM) images for three perovskite films processed over intermediate-sized textured Si substrates
using three different precursor solution molarities (M): (a) 1.2, (b) 1.4, and (c) 1.6 M. The scale bar is S ym. The film thickness increases with
increase in molarity, resulting in full coverage in the case of 1.6 M, as exemplified in the schematics.
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that vacuum deposition®*” or a hybrid 2-step process'
allows for conformal coating of these textures, yet the quality of
evaporated perovskite solar cells (PSCs) lags behind their
solution-processed counterparts.’”** Decreasing the pyramidal
texture size to ~1—2 pm is an alternative strategy to maintain
very good light harvesting, which still allows coating with thick
perovskite films.'******* However, spin-coating conventional
perovskite thin films over such textures still implies that some
of the pyramid tips will protrude from the surface and thereby
induce detrimental shunting paths (Figure 1a). While further
reducing the texture size would facilitate processing PSCs on
top, it easily comes at the cost of increased reflectance due to
incomplete texturing.'¥*”**** Hence, developing a thick
enough perovskite absorber layer that entirely covers such
intermediate-sized pyramidal textures has been identified as
pivotal for textured perovskite/Si tandem solar cells.'****>~

With increasing perovskite layer thickness, efficient charge
carrier extraction becomes challenging.38_41 In fact, most high-
quality perovskite thin films reported in the literature exhibit a
charge carrier diffusion length of around ~500 nm under solar
irradiation conditions, which is too short to allow for efficient
charge carrier extraction for film thicknesses of ~1-2

m."**1 = To address this problem, various strategies for
the fabrication of perovskite films have been suggested,
including hot casting,‘}’9 vacuum annealing,45 and solvent
retarding.46 In addition, optimization of the charge transport
layers (CTLs) and their interface to the perovskite absorber
layer, for example, via surface passivation, has been
demonstrated to be critical for efficient charge carrier
extraction and thus device performance.”'®*”*" Yet, the
most popular routes for enhancing the diffusion length within
the bulk of the perovskite absorber employ additives in the
perovskite precursor solution. Prominent examples are Lewis
bases™"** ™" and Lewis acids,”’ which typically result in a
significant increase in the grain size of the perovskite film and a
corresponding reduction in trap density, thereby enhancing the
charge carrier lifetime and diffusion length. Having a thick,
efficient, and stable perovskite absorber over a planar surface
provides the capability of investigating the optical gains that
come along with processing thick PSCs on intermediate-sized
textures.

In this study, we report on the fabrication of highly efficient
thick PSCs processed on replicated industry-applicable
textured Si wafers with a reduced pyramid size of ~1-2 pm
that demonstrate very low reflectance, similar to conventional

industrial textured Si wafers. First, we develop thick planar
reference PSCs that exhibit efficient charge extraction and
PCEs up to 18% by adding the Lewis base urea (CH,N,O) to
the precursor solution, thereby improving the crystal growth of
the close to micrometer thick double-cation perovskite
absorber layer (Csy;,FAgg3Pbl,;Bry,s). Second, we inves-
tigate the optical gains of processing the developed thick
perovskite absorber over the intermediate-sized textures by
replicating the Si texture on %Iass substrates via highly scalable
nanoimprint lithography.”” >’ We demonstrate reduced broad-
band reflectance and improved light trapping near the band
gap for textured PSCs compared to the planar reference at
standard testing conditions (STC) as well as for angles of
incidence (AOI) up to 70°, which could be useful for mono- or
bifacial single-junction PSCs in real field applications.>®

EXPERIMENTAL SECTION

Textured Si Wafers. Appropriate pre-cleaning was done first to
remove the saw damage and organic contamination. Then, the
anisotropic etching was achieved on n-type, monocrystalline, (100)
silicon wafers using alkaline KOH solution and surface activating
additive, followed by post-cleaning using HF/HCI to remove the
metal residues. More details can be found in ref 59.

Replication. A textured Si wafer was cast into a polydimethylsi-
loxane (PDMS) mold followed by hardening the PDMS on a hot
plate for 4 h at 60 °C. Afterward, it was separated softly from the
textured Si wafer and cut to 16 X 16 cm? to form a master stamp that
fits our glass substrates. OrmoComp resist was deposited over the
glass substrate and the stamp was pressed against it and then cured
under UV light. The stamp was removed softly after curing to leave
the replicated texture on the glass substrate. We note that
nanoimprint lithography is a highly scalable process.>® An illustration
of the replication process is shown in Figure S7.

Device Fabrication. Front Contact. Patterned indium tin oxide
(ITO, 135 nm) as a front contact was sputtered using a Kurt J. Lesker
PVD-75 thin-film deposition system. The substrates with the
replicated texture were heated up to 235 °C for 15 min in the
vacuum chamber before the deposition started and were maintained
at this temperature through the whole deposition process. We used a
power of 250 W and a gas composition of 96.5% Ar to 3.5% O, at a
pressure of 0.8 mTorr for 406 s. The sheet resistance of the ITO film
was about 25 Q/cm” (depositing at higher temperatures brings the
sheet resistance even lower, but the resist will start to exhibit micro-
cracks).

Hole Transport Layer. NiO (15 nm) was sputtered at 150 °C with
a power of 100 W from a NiO target with pure Ar at 1 mTorr for 450
s. A 2PACz layer was deposited via spin-coating as reported in ref 60
shortly before the thick perovskite deposition.
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Figure 2. (a,b) Top-view SEM images of a close to micrometer thick perovskite absorber processed over planar glass substrates without (gray) and
with (yellow) urea additive, respectively. The scale bar is 1 ym. (c) Time-resolved photoluminescence spectrum for the two perovskite films on
glass. (d) J—V characteristic of the best planar thick PSCs fabricated using the two different perovskite absorbers (statistics of 32 devices are
provided in Figure SSa). The solid and dotted lines represent the reverse and forward scan direction, respectively. (e) Corresponding stabilized

PCE for the two PSCs under maximum power point tracking (MPPT).

Thick Perovskite. The Cs,;FAgg;Pbl,;sBry,s precursor solution
(1.6 M) was prepared by mixing lead iodide (Pbl, TCI) and lead
bromide (PbBr,, TCI) and dissolving them together in 4:1 N,N-
dimethylformamide (Sigma-Aldrich):dimethyl sulfoxide (Sigma-Al-
drich). The solution was heated up for 30 min at 120 °C to dissolve
all precursor materials and left to cool down. At room temperature, it
was transferred to cesium iodide (Alfa Aesar) and formamidinium
iodide (Great Cell Solar) and vigorously agitated until all the powders
were dissolved. Note that 10% excess Pbl, was employed in the
precursor solution. Finally, 8 mg/mL of urea (CH,N,O, Sigma-
Aldrich) was added to the perovskite solution and vigorously agitated
before starting the deposition. The solution was spin-coated using a 2-
step program: 200 rpm with 300 rpm/s for 2 s followed by 2000 rpm
with 2000 rpm/s for 60 s. A solvent-quenching step of 150 uL of ethyl
acetate anhydrous (99.8%, C,HgO,, Sigma-Aldrich) was dispensed S s
before the end of the 2nd step. The samples were annealed for 30 min
at 100 °C

ETL and Back Electrode. Fullerene (Cg, 25 nm thick, Alfa Aesar)
and bathocuproine (BCP, 7 nm thick, Luminescence Technology)
were thermally evaporated and deposited using OPTIvap evaporation
system at a pressure of 5 X 10 7 mbar with a deposition rate of 0.4
and 0.3 A/s, respectively. A 100 nm Ag with 1 A/s was deposited
thermally as a back electrode. The active area of our solar cells was
10.5 mm?, and the band gap of our textured PSCs was ~1.584 €V.

Characterization Methods. Current Density—Voltage (J—V)
Measurements. The J—V measurements were performed under AM
1.5G conditions. The stabilized PCE of the cells was determined by
the power output at a voltage close to the MPP under continues
illumination for 5 min. A shadow mask was used in order to define the
active area. Detailed information can be found in ref 6.

For reflectance measurements, we used a PerkinElmer Lambda
1050 spectrometer, and for the angle-dependent reflectance, we used
a custom-made holder that allowed us to have a precise angle of
incidence (AOI). More information can be found in ref 52.

External Quantum Efficiency Measurements. External quantum
efficiency (EQE) measurements were performed using Bentham

PVE300 system using an integration time of 500 ms and a chopper
frequency of 585 Hz. The angle-dependent EQE measurements were
performed using a custom-made holder that allowed us to set the AOIL
precisely.

RESULTS AND DISCUSSION

Thick Absorber Perovskite Solar Cells. We started with

the development of industry-applicable random Si textures
with a pyramid size of around 1—2 pum that exhibit low
reflectance comparable to conventional Si wafers (see details in
the Experimental Section; Figure S1). In order to obtain
sufficiently thick perovskite layers for completely covering such
intermediate-sized textures, we developed a spin-coating recipe
based on the anti-solvent quenching method that uses urea as a
Lewis base additive in a double-cation perovskite precursor
solution (Csg;,FAgg;Pbl,,sBrg,s). As shown in the SEM
images in Figure 1, by increasing the molarity of the precursor
solution from 1.2 to 1.6 M in steps of 0.2 M and optimizing the
parameters for spin-coating and anti-solvent quenching, we
obtained full coverage of the textured Si substrates without
noticeable pinholes (see details in the Experimental Section).
We noted that the thickness on planar substrates increases
from ~350 nm when using our base line recipe with 1 M
(developed for thin PSCs) to ~1 ym when using 1.6 M with
the newly optimized processing parameters as shown in cross-
sectional SEM images in Figure S2. By analyzing various cross-
sectional SEM images of perovskite films on planar and
textured substrates (as in Figure S2b,c), we estimated that the
total absorber volume was comparable in both cases. We noted
that we achieved a typical PCE of up to ~18.5% for our thin
PSCs (without any additive or passivation), as shown in Figure
S3. Thick perovskite films as processed here are, however,
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Figure 3. (a) Normal incidence reflection spectrum for the planar reference and textured half-layer stacks [glass/(resist)/ITO/NiO/2PACz/
perovskite]. (b) The bold lines refer to the EQE for both the planar reference and textured PSCs with integrated Js’s of 22.73 and 21.1 mA/cm?,
respectively; the dashed lines represent the 1-reflectance values of the corresponding half-layer stacks.

prone to significant trap state-mediated non-radiative recombi-
nation losses, resulting in a low open-circuit voltage (Vo). 2%
Additionally, the thickness of the absorber layer becomes
comparable to or even larger than the charge carrier diffusion
length of typical spin-coated perovskite films,"**>**~** or in
other words, the charge carriers have a too short lifetime. This
could lead to poor charge carrier extraction, thereby negatively
affecting both the fill factor (FF) and the short-circuit current
density (Jsc). Mo Growing a perovskite film with large grains
that extend throughout the whole film minimizes the density of
grain boundaries and has been suggested to result in an
enhanced charge carrier mobility, lifetime, and diffusion
length.m’”’49 In that regard, the Lewis base urea has been
reported as a promising additive to enhance the grain size and
crystallinity of triple-cation,*’ double-cation,” and
CH,;NH,Pbl,-based perovskite films.***"*">

Therefore, we next investigate the impact of urea by
comparing perovskite films and PSCs that are processed
employing a 1.6 M precursor solution (note that there is a 10%
excess of Pbl,) without and with urea additive. Introducing
urea to the high molarity perovskite precursor can retard the
crystallization and through coordination with Pbl, results in a
damped Pbl, peak, as shown in the X-ray diffraction (XRD)
spectra in Figure $4,*”°° which enables the perovskite grains to
grow larger. The top-view SEM images in Figure 2a,b show
that the average domain size increases by a factor of around 3
for the thick perovskite film with urea as compared to the
reference. Time-resolved photoluminescence measurements of
perovskite films on glass substrates show that the thick
perovskite films processed with urea additive possess an
increased minority charge carrier lifetime compared to their
small grain film counterpart, which we attribute to the reduced
density of grain boundaries (see Figure 2c). Together with an
improved crystallinity as evident from XRD measurements
(Figure S4), this is expected to reduce non-radiative
recombination losses and thereby increase the Vi of the
PSCs. Indeed, prototype thick PSCs with urea additive
comprising the layer stack ITO/2PACz/perovskite/Cgo/
BCP/Ag exhibit an average increase in Voc of ~50 mV
compared to the references, which is accompanied by an
average increase in Jgc of ~1 mA/cm” and FF from 67 to 77%,
indicating more efficient charge carrier extraction (see statistics
of 32 devices in Figure SSa). The enhanced J,. for the PSCs
with urea is attributed to both an enhanced charge carrier
diffusion length (Chen et al.*' reported an electron diffusion
length exceeding 2 ym) and thus improved charge collection as
well as reduced parasitic absorption from excess Pbl, (compare

Figure S4) as indicated in Figure $6.%° The improvements in
the individual parameters result in an average PCE of 18% for
thick PSCs with urea additive as compared to 14.3% for the
references, as derived from the reverse J—V characteristics of
32 devices (Figure SS5a). The best thick PSC with urea additive
exhibits a PCE of 19% in the reverse ]—V scan (on par with
thin PSCs without additive, see Figure S3) as compared to
16% for the reference (Figure 2d), which also translates in an
enhanced stabilized power output under MPPT for S min from
17.8 to 13.9% (Figure 2e). We note that we also fabricated
thick planar PSCs with NiO/2PACz as the hole transport layer
(HTL; as will be employed for textured PSCs in the following)
without and with urea additive, and the trend in device
performance is similar to the PSCs employing 2PACz only (see
statistics of 26 devices in Figure SSb).

Optics (Textured vs Planar Superstrates). Reflection
and parasitic absorption in planar solar cells can result in
current density losses of up to 7 mA/cm’ even in high-
efficiency monolithic perovskite/Si tandem solar cells.’®
Applying planar antireflection coatings (ARCs) like
Mngm’l 1857 or LiF”"" reduces the reflection losses at the
air/front surface interface, but close-to-optimal light incoupling
is achieved only by combining textures with ARCs.**”** With
efficient thick PSCs in hand that can fully cover the industry-
applicable intermediate-sized textures, the concurrent optical
gains are therefore investigated next. To allow for a fair
comparison between thick PSCs processed over the textures
and planar reference PSCs, we replicate the texture on glass
superstrates via nanoimprint lithography. As illustrated in
Figure S7, we fabricate a PDMS master stamp from the
optimized Si texture of interest and replicate the texture by
pressing the stamp against resist deposited on a glass substrate
and exposing it to UV light. After replication, half-layer stacks
[sputtered ITO (135 nm)/sputtered NiO (15 nm)/2PACz/
perovskite] are processed over both the replicated texture and
planar substrates in order to investigate and compare the
reflection losses. Here, we employ NiO/2PACz as HTL as this
combinations ensures a good coverage of the texture without
creating detrimental shunting pathways.**% As the resist used
in the reglication process has almost the same refractive index
as glass,®” illumination from the glass side is feasible and allows
for a thorough optical analysis. The reflectance for normal
incidence is shown in Figure 3a and highlights that it is lower
for the textured stack as compared to the planar reference over
the entire spectral range of interest (350—750 nm). While the
textured stack exhibits a considerable antireflection effect over
the broadband spectrum, the planar stack suffers from higher
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Figure 4. (a) J—V characteristic of the best planar reference and textured PSCs (statistics of 44 devices are provided in Figure S12). (b)

Corresponding stabilized PCE under MPPT for 5 min.

reflection losses due to thin-film interference.”””> Although the
interference pattern in the planar stack approaches the
reflectance of the textured stack at around 420 nm, the
reflection losses are amplified over the rest of the spectrum,
being, for example, 2.5 times higher at around 570 nm. Overall,
this correlates to a reduction of the AM 1.5G weighted
reflectance from 9.9 to 5.2%. These findings can be attributed
to the fact that the intermediate-sized texture enforces multiple
incidences on the resist/ITO/NiO/2PACz/perovskite inter-
face even for light rays reflected first.””””>> We note that
introducing the same texture at the air/glass interface (the
illumination side) can further reduce the reflection losses, as
shown in Figure S8. However, improving the light incoupling
at this interface is not the focus of the current study, and
therefore, no such additional texture is employed in the
following.

Next, the impact of the texture on the current generation in
the PSCs is investigated (the full device stack and schematics
of planar and textured PSCs in Figure S9). As shown in Figure
3b, the EQE is enhanced over the entire spectral range,
resulting in an integrated Jc of 22.73 mA/cm? as compared to
21.1 mA/cm* for the planar reference. In line with the
reflectance results discussed above (plotted as 1-reflectance in
Figure 3b), the EQE at a wavelength of around 420 nm is very
similar for both the textured and reference PSCs, while it is
clearly higher for the textured PSCs over the rest of the
spectrum. In addition, the EQE close to the band gap is
effectively enhanced due to a longer optical path length.”” Even
though for the opaque planar reference PSCs the optical path
length is ~2 times the perovskite absorber layer thickness, the
absorption near the band gap is still limited due to the
exponential tail of the absorption edge. Introducing the texture
increases the optical path length considerably, and con-
sequently, the absorption probability near the band gap is
strongly enhanced, as shown in Figure S10. This emphasizes
that using the intermediate-sized textures leads to efficient light
incoupling into the absorber layer, resulting in optical gains
and consequently a higher Jsc. As the maximum attainable
current density (Jsq) for our perovskite’s band gap of ~1.584
eV (determined from the inflection point of the respective
EQE spectrumGg) is 26.04 mA/cm?,' our approach achieves a
Jsc/Jsq ratio of 87.3% as compared to 82.6% for the planar
reference. We note that we did not employ an additional
texture or ARC at the air/glass interface (as discussed above),
which would further reduce the reflection losses and increase
the Jsc/Jsq ratio to among the highest reported.” To prove
that our concept is also valid for other perovskite compositions
that are more suitable for 2T perovskite/Si tandem solar cells,

we also processed a thick triple-cation wide band gap
perovskite absorber (~1.67 €V) over the same replicated
textures and compared it to a planar reference. As shown in
Figure S11, a similar enhancement in the EQE for the textured
PSC can be observed. Furthermore, we note that low band gap
perovskite absorbers as employed in this work could
potentially be used for 3T perovskite/Si tandem solar cells in
which current matching is not a requirement.*”

Performance of Textured Thick Perovskite Solar Cells
for Variable Angles of Incidence. Having demonstrated
that textured PSCs benefit from high current densities, we
report next on the overall device performance. Figure 4a shows
the J—V characteristic of the champion textured and planar
reference PSCs from the same batch (statistics of 44 devices
are provided in Figure S12). Next to the apparent increase in
Jsc, it is noteworthy that a comparable Vyc and FF are
achieved for the textured PSC compared to the planar
reference. Apparently, the HTL/perovskite interface must be
of high quality as the surface area of the textured PSC is
strongly enhanced, but still no significant non-radiative
recombination losses appear (cf. high V), which we attribute
to a good coverage of the self-assembled monolayer 2PACz on
NiO,”> together with the high optoelectronic quality of the
2PACz/perovskite interface.”””>°*°>° Thereby, the PCE is
consistently enhanced from 17.8 to 18.7% also for several
minutes of MPPT (Figure 4b). The enhancement in
performance was reproduced in a number of devices, as
shown in Figure S12. We would like to note that we also
successfully fabricated highly efficient semitransparent PSCs
directly on top of textured Si substrates that exhibit PCEs of
16.5 and 15.8% for a band gap of ~1.6 and ~1.67 eV,
respectively (see Figure S13). This stresses the potential of our
spin-coating approach for 2T or 3T perovskite/Si tandem solar
cells with intermediate-sized textures, which will be the focus
of a future work.

As a side note, we want to point out that the textured PSCs
reported in this work required the development of a dedicated
ITO recipe. While our conventional sputtered ITO front
electrode exhibits a sheet resistance > 65 Q/cm? if sputtered
on top of textured superstrates, the adapted new sputtering
recipe allowed obtaining high-quality ITO films with sheet
resistance < 20 Q/cm’ even over the industry-applicable
textures. More details on the device fabrication and the ITO
sputtering process can be found in the Experimental Section.

Having demonstrated superior light harvesting in thick PSCs
processed over the micrometer-sized industry-applicable
textures at STC, we examine the angular dependence of
reflectance and Jy¢ in these devices. Under realistic irradiation
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Figure S. (a) Reflection spectra for the planar reference (blue) and textured (pink) stack at AOI @ = 30° (dotted) and & = 70° (solid). (b)
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conditions as well as for backside illumination in bifacial single-
junction PSCs,”2”*%* the incident light is barely normal to
the solar cell's plane, which leads to considerable angular
reflection losses for certain device architectures.””*””® The
industry-applicable textures introduced in this study in the
superstrate of the textured PSCs facilitate light incoupling also
for AOI 8 > 0°. The texture enforces incident light to impinge
multiple times on the interface of the resin/solar cell and
thereby vastly reduces the reflection losses.”””** As a
consequence, PSCs fabricated over the industry-applicable
textured substrates tolerate a large range of incident angles.
This is exemplarily shown in Figure Sa, where the reflectance
of the planar reference is compared to the reflectance of the
textured PSCs at 30 and 70° AOL It should be noted that the
interference pattern of the planar stack is blue shifted and
peaks at 510 nm with a reflectance value of 26% for 70° AOI,
while the textured stack exhibits a reflectance of only 17.4% at
the same wavelength.

Finally, the angle dependence of current generation in the
textured PSCs is compared to the planar reference. In full
agreement with the angle-dependent reflectance data, the EQE
is in favor of the textured stack at both 30 and 70° AOI, as
shown in Figure Sb (the full data set is provided in Figure
S14)." The integrated Jc values for various AOIs is shown in
Figure Sc, emphasizing that the improved light-harvesting
characteristics of our textured PSCs is present for all AOL
Consequently, our approach could be useful for realistic
irradiation scenarios and bifacial applications.”*”*%*

B CONCLUSIONS

In this study, we present close to micrometer thick PSCs
processed over replicated industry-applicable random pyrami-
dal textures for efficient light harvesting. Our texture exhibits a
pyramid size of ~1—2 um and maintains efficient broadband
light incoupling as well as excellent light trapping close to the
perovskite band gap. To achieve sufficiently long diffusion
length and efficient charge carrier extraction in our thick
perovskite absorber layers, we use urea as a Lewis base additive
to improve the crystallization and in turn the grain size and
film quality of the thick perovskite films. Having first optimized
the thick absorber layer over a planar stack, thick PSCs
processed over industry-applicable random pyramid textures
are demonstrated. The textures were replicated on glass
substrates using highly scalable nanoimprint lithography. The
textured PSCs exhibit reduced reflection losses compared to
the planar reference over the broadband spectrum both in
normal incidence and for AOI up to 70° leading to vastly
improved light harvesting. The optical gains resulted in a

respectable Jqc that relates to ~87.3% of the theoretical limit,
which is 4.7% higher in absolute terms compared to the planar
reference. By having an FF and V¢ comparable to that of the
planar reference, the impact of light management using our
approach reflected on the PCE of the textured PSCs with a
stabilized power output of up to 18.7%. In addition to the
potential application for textured 2T and 3T perovskite/Si
tandem solar cells, our approach could be beneficial for mono-
or bifacial single-junction PSCs in real field applications.
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