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ABSTRACT 

All-perovskite tandem solar cells (APTSCs) emerge as promising low-cost and high-efficiency next-generation photovoltaics. To 
further increase the power conversion efficiencies (PCEs), a deeper understanding and fine-tuned optimization of the optics 
is required, since most reports fall below 90% of the theoretical limit in photocurrent. Here, we demonstrate a synergistic 
multi-faceted approach to overcome the optical constraints: incorporation of front-sided nanotextures into APTSCs yields a 
broadband improvement of light in-coupling, which eliminates thin-film interference effects in reflectance, equivalent to a gain 
of 0.45 mA ∙cm− 2 in photocurrent. On the material level, parasitic absorption is reduced by optimizing the front ITO layer and 
replacing PEDOT:PSS for the bottom subcell with a graphene oxide/self-assembled monolayer (GO/SAM) bilayer, improving the 
overall current gain to 1 mA ∙cm− 2 in each subcell. The resulting APTSC achieves a power conversion efficiency (PCE) of 27.98% 

with a short-circuit current density ( JSC ) of 17.18 mA ∙cm− 2 , one of the highest reported values for this technology to date. Through 
comprehensive optical simulations, we explore the optical potential of APTSCs and further highlight upper limits of the subcell 
photocurrents in various tandem architectures. This work provides experimental and theoretical insights into optical optimization 
routes to increase the PCE of APTSCs well beyond 30%. 
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 Introduction 

ll-perovskite tandem solar cells (APTSCs) are a proven concept
o enable power conversion efficiencies (PCEs) beyond the
hermodynamic limit of single-junction solar cells while offering
ow-temperature processing, use of cost-effective materials, and
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH 
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advantages of thin-film technologies [ 1 ]. The use of a wide
bandgap (WBG) mixed halide and narrow bandgap (NBG) Sn-
Pb perovskite as top and bottom subcell absorbers, respectively,
enabled a rise in PCE up to certified 30.3% [ 2 ]. This rise in
PCE was mainly driven by interfacial engineering, i.e., passivat-
ing surface and interfacial defects and tuning energy levels to
se, which permits use, distribution and reproduction in any medium, provided the 
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inimize non-radiative losses [ 3–5 ]. Additionally, improvements
n the NBG bulk properties by inhibiting the facile Sn(II) oxida-
ion [ 6 ], balancing the crystallization in mixed Sn-Pb systems [ 7 ],
r passivating grain boundary defects by adding organic salts [ 8 ]
ed to higher PCEs in APTSCs as well. 

owever, optical improvements of the APTSCs layer stack have
een reported rarely. Foremost, the replacement of the parasiti-
ally absorbing PEDOT:PSS hole transport layer (HTL) has been
nvestigated before by the usage of self-assembled monolayers
 9–11 ], novel metal oxides [ 12 ] or polymers [ 13 ]. While these
trategies improved the photocurrent generation in the bottom
ell by up to 0.5 mA ∙cm− 2 , they are limited by the light in-coupling
f the stack. The introduction of light management strategies
uch as moth-eye antireflective coatings [ 14 ] or fluorinated tin
xide (FTO) nanoplatelets for a nanoscale random texture [ 15 ] has
hown enhancements to the JSC of APTSCs. Nevertheless, these
trategies are inflexible and still fall short of 90% of the theoretical
imit of photocurrent [ 16 ]. Here, the photocurrent density limit
s based on an integration of the AM1.5G spectrum over all
nergies ≥ 1.25 eV, i.e., the bandgap of the bottom subcell with
 step-like absorption. To surpass this threshold, a multi-faceted
pproach is required, which targets highly parasitically absorbing
ayers within APTSCs and utilizes advanced light management
tructures. 

ecently, we investigated the incorporation of sinusoidal nanotex-
ures in APTSCs numerically [ 17 ] and reported that front-side
ntegration of nanotextures between glass and transparent con-
uctive oxide (TCO) front electrode can improve the matched
hotogenerated current density by 0.42 to 0.75 mA ∙cm− 2 , for
 texture aspect ratio between 27% and 54%. In this work, we
xpand on our theoretical findings and incorporate front-sided,
inusoidal nanotextures into high-performance APTSCs. We
rove experimentally that such sinusoidal nanotextures induce a
roadband reduction of reflection losses. We examine the struc-
ural, morphological, and opto-electronic properties of the wide
andgap (WBG) subcell fabricated atop the nanotextures and
emonstrate that the WBG quality is unaffected. Additionally,
e tailor a high-temperature indium tin oxide (ITO) sputtering
rocess for the front contact in APTSCs. Guided by optical
nd electrical simulations, we developed a thin, highly doped
TO layer that maximizes transparency while minimizing series
esistance losses. 

urthermore, we evaluated the replacement of PEDOT:PSS with
 self-assembled molecule (SAM) based bilayer optically. Ulti-
ately, our optically optimized tandem stack resulted in a PCE
f 27.98% with a matched JSC of 17.18 mA ∙cm− 2 , which stands
mongst the highest reported values for this technology and
urpasses 90% of the theoretical photocurrent limit. Lastly, we
eliver an outlook for the optical performance of APTSCs via
ptical simulations, assuming processability of 20 µm thick Sn-
b perovskites on micron-sized textures. We show that for planar
nterconnecting layers, index matching becomes crucial for effi-
ient light transmission through SnOx into the bottom subcell,
hile texturing the interconnecting layers between subcells alle-
iates this dependency. A comparison between superstrate and
ubstrate configuration reveals that optically, the latter heavily
elies on material alternatives to C60 . Employing 20 µm thick
ingle-crystal Sn-Pb perovskites emerges as a promising choice
of 14
for light absorption, especially when combined with micron-sized
textures. 

2 Results and Discussion 

2.1 Implementation of Nanotextures 

To contextualize the above-discussed optical trends in APTSCs,
we analyzed recent reports of APTSCs and perovskite silicon
tandem solar cells (PSiTSCs) regarding their optical performance.
For this, we evaluated reported tandem external quantum effi-
ciency (EQE) and reflectance spectra and put the (equivalent)
photocurrent densities into perspective against an upper limit.
A detailed description of the process is given in Table S1 . In
Figure 1a the mean values of the spectrally integrated equivalent
photocurrent densities of bottom and top cell absorption, as well
as reflectance and internal losses (sum of parasitic absorption
and charge collection losses defined as the difference between
EQE and 1 − reflectance) from nine representative publications for
either technology (references provided in Table S1 ) are shown as
absolute values of the (equivalent) photocurrent densities (left
panel) and respective fractions with respect to the upper limit
(right panel). Compared to PSiTSCs, in APTSCs the portions of
the subcell absorption are lower for the mean values due to higher
reflectance and internal losses. This trend also holds true when
comparing the best reported values (Figure S2 ), highlighting
the need for optical optimization in APTSCs to further advance
this technology. Internal losses in APTSCs can originate from
parasitic absorption in contact layers, e.g., the front ITO and
the recombination layer, as well as the prevalent PEDOT:PSS as
HTL for the bottom subcell [ 16 ]. In PSiTSCs, parasitic absorption
mostly stems from the front-facing contact layers, i.e., the front
TCO, SnOx, and C60 . On the other hand, APTSCs suffer severely
from high reflectance losses due to the state-of-the-art planar
architecture, while for PSiTSCs, significant efforts have been
taken to implement nano [ 18 ], sub-micron [ 18, 19 ] or micron-sized
[ 20 ] textures into the perovskite top cell to suppress interfacial
reflection [ 21 ] and enhance band edge absorption in silicon [ 22 ]. 

In planar APTSCs, reflection losses are dominated by Fresnel
reflections at interfaces and thin-film interferences over the
whole spectral range, severely limiting the spectral response
of both WBG and NBG subcells. In this study, we investigate
whether incorporating sinusoidal nanotextures (pitch 720 nm,
height 370 nm) at the front side of the tandem stack can
suppress these reflection losses. Figure 1b shows a scanning
electron microscopy (SEM) cross-section image and correspond-
ing schematic layer stack of an APTSC on nanotextures. A
comparison with a planar counterpart is displayed in Figure S3 .
We fabricated nanotextures by nanoimprint lithography (details
of the fabrication process in Figure S4 and methods section)
and chose sinusoidal nanotextures, since they outperform other
geometries and are well compatible with solution processing
of SAMs and perovskite absorbers [ 23 ]. After fabricating the
nanotextures on glass substrates, we deposited a highly doped
ITO layer by dc-sputtering at substrate temperatures of approx-
imately 300◦C. The opto-electrical trade-off during a thickness
variation was calculated and optimized via optical simulations
with GenPro4 [ 24 ] and electrical simulations with Quokka3 [ 25 ]
(further details in the methods section, Note S1 and Figure S5 ). 
Advanced Functional Materials, 2026
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FIGURE 1 (a) Mean optical performance of nine reported all-perovskite tandem solar cells (APTSCs) and perovskite-silicon tandem solar cells 
(PSiTSCs). The left panel shows the (equivalent) photocurrent density generated in the top and bottom subcells and lost internally or in reflection for 
either technology. Note that the different bottom subcell bandgaps result in different current density sums. The right panel shows the respective fractions 
of the theoretically achievable current density for both architectures. A detailed description of the analysis procedure and the list of literature references 
is provided in Table S1 and Figure S1 . (b) SEM cross-section view and corresponding schematic APTSC layer stack on a nanotextured substrate. (c) 
Reflectance and (d) transmittance spectra of APTSCs stacks without Cu back contact on planar and nanotextured substrates. 
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PTSCs are then fabricated following the layer stack
equence of glass/textured photoresist/ITO/SAM/WBG/
60 /SnOx /IZO/PEDOT:PSS/NBG/C60/SnOx /Cu. Here,
AM is a self-assembled monolayer comprised of (4-(3,6-
iphenyl-9H- carbazol-9-yl)butyl)phosphonic acid (Ph-4PACz),
BG a 1.8 eV perovskite absorber with the composition
s0.22 FA0.78 Pb(I0.7 Br0.3 )3 )0.91 (MAPbCl3 )0.09 , IZO is indium
inc oxide and NBG a 1.25 eV perovskite absorber with the
omposition of Cs0.1 FA0.6 MA0.3 Sn0.55 Pb0.45 I3 . Details of the
abrication process are provided in the Methods section. 

o assess the potential of nanotextures in APTSCs, we investigate
he optical reflection and transmission (Figure 1c,d , respectively),
hich show lower reflection losses in the range from 300 to
100 nm, resulting in a reduction of reflected photocurrent
rom 4.13 to 3.07 mA ∙cm− 2 . The prevalent reflectance dips
aused by thin film interference in the planar architecture are
liminated in the nanotexture stack due to the superior light in-
oupling properties of the nanotextures (Figure 1c ), resulting in a
latter reflectance spectrum. From transmittance measurements
Figure 1d ), we observe reduced transmittance with nanotextures.
n combination with the reduced reflectance, it is further evident
hat absorption is enhanced close to the band edge of the NBG
erovskite for the nanotexture stack, confirming our previous
indings, as well as literature reports [ 15, 17, 23 ] 

otivated by these optical improvements of the APTSC stack, we
tudied structural and optoelectronic properties of the WBG sub-
ell when fabricated on nanotextured instead of planar substrates.
dvanced Functional Materials, 2026
From SEM top view images (Figure S6 ), we observe similar
grain morphologies and size distribution for WBG perovskite
films on planar and nanotextured substrates. Both films show
formation of platelet-like features at grain boundaries, which
we speculate to be residual PbI2 [ 26 ] We conducted atomic
force microscopy (AFM) measurements to quantify the surface
roughness of the WBG perovskite films (Figure S7 ) and both
the topology and calculated root mean square (RMS) surface
roughness (planar: 25.9 nm; nanotextured: 25.4 nm) (Table S2 ) are
similar between both substrates. Lastly, SEM cross-section views
(Figure S8 ) confirm complete coverage and void-free filling of the
nanotextures by the WBG film. Thus, we restrict the comparison
of structural and optoelectronic properties to the WBG subcell
since we can assume that from the C60 /ALD SnOx interface
onward, layers on nanotextured and planar substrates behave
identically. 

To investigate the crystalline properties of the WBG
perovskite absorber, we conducted grazing incidence X-ray
diffraction (GIXRD) measurements (1◦ angle of incidence)
of ITO/SAM/WBG layer stacks on planar and nanotextured
substrates, with the diffractograms shown in Figure 2a . For both
substrates, the films form a cubic perovskite lattice without
secondary perovskite phases. We observe a (001) PbI2 peak (12.7◦)
[ 27 ] on both substrates, which we attribute to the observed
platelets in SEM top-view images. The perovskite peaks do not
show a significant shift between the substrates, indicating similar
crystal properties. The peak area ratio of PbI2 /(100) peaks is 0.49
and 0.41 for the nanotextured and planar sample, respectively,
3 of 14
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FIGURE 2 Comparison of WBG perovskite films and single-junction solar cells on planar and nanotextured substrates. (a) X-ray diffractograms and 
(b) absolute photoluminescence measurements of WBG films with a layer stack ITO/SAM/WBG. (c) Layer-by-layer QFLS analysis for WBG films with 
first the layer stack of (a,b) (“HTL only”), then adding C60 (“HTL + ETL”) and SnOx /Cu (“full device”). (d) Transient surface photovoltage measurements 
of WBG perovskite films with HTL only and with HTL + ETL. (e) current-density/voltage (JV) and (f) EQE, 100%-Reflectance and internal loss spectra 
of WBG single-junction solar cells. The JSC values in (f) are integrated values from the respective EQE spectrum. 
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ndicating a higher amount of PbI2 near the surface for the
anotextured sample. The role of residual PbI2 in perovskite
ilms is disputed and a topic of ongoing discussion requiring
uture research [ 28–30 ]. 

oving forward from the structural properties, we next examine
he optoelectronic properties of the WBG subcell. To pinpoint ori-
ins of non-radiative recombination, we conducted layer-by-layer
bsolute photoluminescence (PL) analysis on both substrates [ 31 ],
here the hole transport layer (HTL) and electron transport layer
ETL) are added successively. Figure 2b displays the PL signal of
are WBG films on SAM-coated planar and nanotextured sub-
trates. The absolute PL intensity is enhanced for the perovskite
ilm on nanotextures, while the central peak position slightly
hifts to lower energies from the planar case (1.78 eV) to the
anotextured case (1.77 eV). Such a redshift can be explained by
he reciprocity relation between absorption and emission [ 32 ] and
as reported for (nano-)textured silicon [ 33, 34 ] and perovskite
olar cells [ 23 ]. Figure 2c shows the calculated quasi-Fermi level
plitting (QFLS) from absolute PL measurements on different
alf stacks on planar and nanotextured substrates. For half stacks
f ITO/SAM/WBG (“HTL only”), QFLS of 1.33 and 1.32 eV are
easured for nanotextured and planar substrates, respectively.
his indicates that the nanotextures neither compromise the
ptoelectronic quality of the WBG absorber nor the interfacial
roperties with the HTL. In contrast, the nanotextures may
ven slightly improve the optoelectronic properties of this half
of 14
stack. The layer stacks retain their respective QFLS values after
deposition of an interfacial treatment and C60 (“HTL + ETL”),
indicating well-working passivation for both substrate types. In
full devices (with atomic layer deposition, ALD), a SnOx layer and
Cu back electrode, a slight drop in QFLS can be observed for both
substrates (planar: 1.29 eV; nanotextures: 1.30 eV). 

To gain insights into the charge extraction dynamics, we
conducted time-resolved surface photovoltage (trSPV) measure-
ments (Figure 2d ), where the initial slope of the SPV transients
indicates the speed of charge extraction while the signal ampli-
tude indicates the amount of separated charges [ 35, 36 ]. We
disentangle the interface-specific contributions by measuring two
different half stacks, i.e., HTL only and HTL + ETL . In the
HTL-only case (without C60 ), both substrates show an identical
initial slope in the first 10 ns. The minima (i.e., highest SPV
amplitude) are reached within a similar time (250 and 330 ns
for planar and nanotextured, respectively), indicating efficient
charge separation for both substrates at the HTL interface.
Furthermore, we observe an absence of signal in the ms-range for
both samples, indicating the absence of deep trap states [ 37 ]. This
highlights SAMs as a superior choice for non-planar interfaces, as
reported earlier [ 18, 38 ] 

Applying C60 on top of the perovskite ( HTL + ETL ) enhances the
charge separation. Especially in the nanotextured case, the initial
SPV rise is steeper and the amplitude larger, implying faster and
Advanced Functional Materials, 2026
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igher separation of charges. Potentially introduced deep trap
tates, apparent from the now present SPV signal in the ms-
ange, likely arise from the C60 interface for both planar and
anotextured samples [ 39 ]. 

e then fabricated WBG single-junction perovskite solar cells
n planar and nanotextured substrates to evaluate the effects on
evices. The JV scans (Figure 2e ) of the planar WBG solar cell
esulted in a JSC of 17.39 mA ∙cm− 2 , a Voc of 1.277 V, a FF of
9.4%, and a PCE of 17.63% from the reverse scan. In contrast,
he nanotexture WBG solar cell yielded a JSC of 18.53 mA ∙cm− 2 ,
 VOC of 1.319 V, a FF of 78.8%, and a PCE of 19.26% from
he reverse scan direction. The nanotexture-based WBG single
unction greatly surpasses the planar counterpart, especially due
o a higher JSC . The statistical distribution of device parameters on
lanar and nanotextured substrates confirms the nanotextures’
lear advantage in JSC , at slightly higher parameter spread (Figure
9 ). The increase in JSC from 17.39 mA ∙cm− 2 on planar to 18.53
A ∙cm− 2 on nanotextured substrates is due to a broadband
mprovement of the EQE and reflectance (Figure 2f ). The EQE of
he nanotextured WBG perovskite solar cell is overall higher than
he planar, driven by lower reflection losses and more efficient
harge extraction, further illustrated in the corresponding inter-
al quantum efficiency (IQE) spectra (Figure S10 ). Additionally,
light dips in the reflectance curve of the planar solar cell are
ullified with the nanotextures, highlighting the improved light
n-coupling. We note that the increased perovskite volume when
sing nanotextures may contribute ca. 0.5 mA/cm2 to the gain in
hotocurrent (cf. Note S2 and Figure S11 ). 

eflection losses at the planar front-sided air/glass interface are
ot affected by the nanotextures, as evident from the constant
eflectance offset of 3%–4% in the reflectance spectrum (Figure 2f )
f the nanotexture device. In agreement with the previous results
rom PL, we observe a slight redshift in the absorption onset of
he WBG perovskite from planar to nanotextured substrates, i.e.,
he inflection points of the EQE shifting from 690 nm (planar) to
95 nm (nanotextured) in Figure S12 . Since the band edge slope
s unaffected (Figure S12 ), this could be attributed to a slight
andgap reduction of the WBG perovskite when fabricated on
anotextures, although light trapping can exert similar effects
n the low absorption regime close to the band edge [ 23 ]. The
nhancement in VOC is consistent with the PL measurements
nd is due to improved retention of QFLS in the absorber upon
ontact with C60 . Suns-Voc measurements, i.e., VOC measured
t varying illumination intensity, also reveal a slightly lower
deality factor of 1.58 on nanotextures compared to 1.62 on planar
ubstrates (Figure S13 ). In summary, the fabrication of WBG
erovskite solar cells atop nanotextures is only minimally affected
y the change in substrate topography. Importantly, we see a
ignificant enhancement in JSC and VOC when transferring the
rocessing conditions for planar substrates to nanotextured ones.
hile the enhanced JSC can directly be referred to as enhanced

ight absorption, the increased VOC is consistent with previous
eports of perovskites fabricated on nanotextures [ 18, 23 ]. The
xpected gain due to the increased JSC is calculated to be only
.6 mV, indicating that the VOC increase might be a result of
mbalanced carrier densities and suppressed recombination [ 40 ].
nderstanding the role of additional effects such as photon recy-
ling requires dedicated studies, as pointed out in our previous
ublication [ 23 ]. In the next step, we integrate the nanotextures
dvanced Functional Materials, 2026
into APTSCs and analyze their effect on their optical performance
in detail. 

2.2 Further Optical Optimization of APTSCs 

To fabricate APTSCs on nanotextured substrates, the WBG
perovskite solar cells investigated above are extended with a
recombination junction of sputter-deposited IZO and a Sn-Pb
NBG perovskite subcell from the SnOx layer onward, following
the layer stack depicted in Figure 1b . We aim to develop optically
optimized APTSCs, which combine the nanotextures’ capability
of reducing reflection losses with minimized parasitic absorption
losses in front of the TCO and HTL of the NBG subcell. In
the following, we describe the optical optimization process of
APTSCs by addressing both layers in conjunction with the
front-sided nanotextures. 

Starting with the front ITO layer, we reconsidered the imple-
mented layer thickness and conducted an optoelectronic opti-
mization for a highly doped and low-resistivity ITO layer
deposited by a high-temperature sputter process in analogy to
previous works [ 41 ]. We evaluated optical and series resistance
losses when varying the ITO layer thickness and found that for
the application in APTSCs, a reduction in thickness from 150 to
50 nm results in a net gain of PCE, due to better transmission
while accepting minimal losses in series resistance (Note S1 and
Figures S14 and S15 ). Figure 3a and b depict the EQE of the
tandem solar cells and corresponding reflectance spectra for a
150 and 50 nm front ITO, respectively. The thinner front ITO
shifts the thin-film interference maxima to lower wavelengths,
thereby easing its effects on the reflectance spectrum. This leads
to reduced reflection losses in the visible range and an increase
in absorption for the top cell, increasing the integrated JSC from
16.37 to 16.70 mA ∙cm− 2 . At the same time, the NBG subcell
benefits from lower free carrier absorption in the infrared (IR)
spectral range, increasing the photogenerated current density
from 15.72 to 16.58 mA ∙cm− 2 . The improved photogeneration is
also reflected in improved JSC (150 nm ITO: 15.70 mA ∙cm− 2 ; 50 nm
ITO: 16.43 mA ∙cm− 2 ) in JV curves, shown in Figure S16a , with the
corresponding PV parameters listed in Table S3 . 

Although a thinner front TCO already boosts the current gen-
eration in both subcells, the planar architecture is still limited
by thin-film interferences in the NBG regime, evoked by the
WBG perovskite absorber. Therefore, we then implemented front-
sided nanotextures into the APTSC (Figure 3c ) with the JV curve
shown in Figure S16b . Equivalent to the WBG perovskite single
junction, the current generation in the top cell is greatly enhanced
due to the minimized reflection losses, resulting in an increase
in top cell current density from 16.70 mA ∙cm− 2 in the planar
stack to 17.22 mA ∙cm− 2 in the nanotextured one. In the spectral
range above 700 nm, the front-sided nanotextures reduce the
thin-film interferences in the reflectance curve, likely evoked by
their light scattering properties, and also flatten out the spectral
response of the NBG subcell. Furthermore, the EQE onset is
slightly redshifted compared to the planar case (Figure S17 ). This
does not directly translate into an improved current density, as
the NBG subcell on nanotextures reaches an integrated JSC of
16.51 mA ∙cm− 2 compared to 16.58 mA ∙cm− 2 on the planar stack.
Rather, we observe an increase in the internal losses in the NBG
5 of 14
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FIGURE 3 Optical optimization of APTSCs. Tandem EQE, 100%-Reflectance and internal loss spectra of (a) Planar tandem stack with 150 nm front 
ITO, (b) planar stack with 50 nm front ITO, (c) nanotextured stack with 50 nm front ITO and PEDOT:PSS in NBG subcell, (d) nanotexture tandem stack 
with 50 nm front ITO and with graphene oxide (GO)/SAM bilayer replacing PEDOT:PSS in NBG subcell. All EQE spectra were measured with a planar 
anti-reflective foil at the air/glass interface. (e) Champion JV curve and maximum-power-point (MPP) tracking of a planar and the optically optimized 
APTSCs. The inset figures in (a–d) show the APTSC layer stack with the adapted changes highlighted. It must be noted that for improved clarity, not 
all functional layers of the APTSC are depicted. (f) Summary of reported JSC values for 2-terminal APTSCs with the result of this work highlighted. 
Constraints of a tandem VOC of > 1.9 V and the use of a Sn-Pb perovskite in the bottom subcell were set to select the data. Sources are given in Table S5 . 
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egime that may be caused by increased parasitic absorption
ithin the stack. We speculate that the light scattering properties
f the nanotextures adversely increase the near-infrared (NIR)
bsorption of PEDOT:PSS (Figure S18 ), as has been found before
or different photovoltaic systems [ 17, 42–44 ]. To overcome these
imitations, we explored a SAM/graphene oxide (GO) bilayer with
egligible absorption losses as an alternative HTL combination
schematic layer stack in Figure 3d ). We studied the associated
hanges for the NBG subcell in our recent publication [ 45 ]. The
ilayer-based APTSC shows strongly reduced parasitic absorption
of 14
losses in the NIR, delivering an increased integrated current
density of 16.78 mA ∙cm− 2 in the NBG cell, while the top cell
reaches 17.33 mA ∙cm− 2 . A summary of the (equivalent) current
densities achieved in the optical optimization process of APTSCs
is displayed in Figure S19 . 

This high photogeneration in the bilayer-based tandem on nan-
otexture is also translated to a high JSC in JV curves, reaching 17.18
mA cm− 2 (Figure 3e ). This value lies between the integrated JSC 
values for top and bottom subcells from the EQE measurements
Advanced Functional Materials, 2026
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Figure 3d ) and could originate from a low shunt resistance
n the bottom subcell (cf. Note S3 and Table S4 and Figure
20 ) [ 46 ]. Further improvements in current matching conditions
ould be achieved by increasing the bandgap of the top cell,
hereby increasing the Br content and potentially defect densities
s well [ 47 ]. A more luminescent top cell could also help relax
he current matching conditions and would benefit from the
educed parasitic absorption of the bilayer [ 48 ]. Another option
s the fabrication of a thicker bottom subcell absorber, which has
hown great effect before [ 8 ], although this demands long carrier
iffusion lengths in the Sn-Pb perovskite to ensure efficient
harge extraction [ 49 ]. Compared to recent literature reports –
ith a tandem Voc > 1.9 V and a Sn-Pb perovskite in the bottom
ubcell – our achieved tandem JSC ranks among the highest
alues for APTSCs (Figure 3f ), surpassing 90% of the theoretical
imit of photocurrent density. From the JV measurements, the
ilayer-based tandem on nanotextures delivers a PCE of 27.98%
reverse scan) with a stabilized power output of 27.5% after
00 s of maximum power point (MPP) tracking (Figure 3e ),
resenting a significant improvement over the planar tandem
ell (24.8% PCE after 600 s of MPP tracking) with PEDOT:PSS
nd a thin front TCO. Under long-term MPP tracking at 25◦C in
2 , unencapsulated planar and nanotextured APTSCs employing
EDOT:PSS show a decrease in PCE to 80% of the initial value
T80 lifetime) after 175 h and 115 h, respectively (Figure S21 ). 

.3 Optical Potential of APTSCs Guided by 
ptical Simulations 

he experimentally optimized APTSCs show that front-sided
anotexturing greatly reduces the overall reflection losses of
PTSCs, consequently increasing the matched tandem JSC and
onfirming our previous theoretical study [ 17 ]. In this final sec-
ion, we aim to give an outlook and explore the optical potential
f APTSCs with optical simulations. We take several assumptions
eyond state-of-the-art APTSCs, including micrometer-sized tex-
ures, based on technological advancements in other perovskite-
ased research fields. For this, the simulation package GenPro4
 24 ] for MatLab is used. Representing a solar cell as a multilayer
tructure, it combines wave and ray optics, taking interference
nd light scattering into account, and enables time-efficient
creening of device configurations (simulation details provided
n the method section, and complex refractive index ( nk) datasets
re summarized in Table S6 ). 

o validate our optical model, we first compared a simulation
f a planar APTSC with the respective experimentally measured
QE and reflectance (Figure S22 ). Both WBG and NBG absorp-
ion onsets and the overall shape of simulated absorption and
easured EQE spectra fit well, indicating that layer thickness
nd nk -datasets are appropriate. In the following, all simulations
nclude an anti-reflective coating of NaF for an air/glass interface.

imilar to our experimental optimization, we simplified the
nterconnect of APTSCs in a planar superstrate configuration.
igure 4a shows that subsequently removing PEDOT:PSS as
TL and IZO as recombination layer increases absorption in the
BG, similar to the experimental findings in Figure 3 . Such a
implified interconnect has also been reported experimentally
efore [ 50–52 ] and strongly relies on a robust ALD SnOx layer
dvanced Functional Materials, 2026
to protect the underlying perovskite subcell. In addition to the
inherently high reflection losses due to thin film interferences,
we observe a local reflectance maximum at 700 nm (dashed lines
in Figure 4a ). This is in agreement with our experimental results,
where this phenomenon is observed for both planar (Figure 3b )
and nanotextured APTSC (Figure 3c,d ). When comparing the
refractive indices of the WBG, C60 , SnOx and NBG between 600
and 1100 nm (Figure S23 ), it becomes evident that the refractive
index ( n ) mismatch between the layers leads to reflection losses.
Such mismatch between subcells has been addressed by tuning
the refractive index of nc-SiOx in PSiTSCs [ 21 ]. In our case, we
numerically explored the effect by increasing n of the SnOx layer.
Figure 4b,c show the effect on planar APTSCs with 20 and 80 nm
SnOx intermediate layers, respectively. The change in refractive
index lowers the reflection in the 700–900 nm range: this effect
is stronger for an 80 nm thick SnOx layer (Figure 4c ). Shifting
the refractive index of SnOx between the WBG (2.34 @700
nm, Figure S23 ) and NBG (2.53 @700 nm, Figure S23 ) visibly
reduces the reflection, as expected by the ideal refractive index for
minimum reflection at 𝑛𝑖𝑑 𝑒 𝑎 𝑙 = 2 . 43 =

√
2 . 34 ⋅ 2 . 53 (𝜆 = 700 𝑛𝑚 )

[ 53 ]. We note that while the shift of refractive index by a constant
value is not consistent with the Kramers-Kronig relationship,
the considered values could be realized by several strategies,
e.g., adjusting the deposition temperature during ALD growth
[ 54, 55 ], controlling the nucleation [ 56, 57 ], or utilizing high-
refractive index metal oxides such as TiO2 [ 58, 59 ]. We assume
that the implementation of these examples is feasible for APTSCs
while maintaining good electrical properties of the buffer layers.
Depending on the implemented SnOx layer thickness, which is
dictated by fabrication constraints, a photocurrent gain of 0.14–
0.67 mA ∙cm− 2 can be expected for 20 and 80 nm, respectively. 

As we have shown above, implementing nanotextures into
APTSCs improves light in-coupling and reduces reflection losses.
In the following, we move beyond the nanotextures and numer-
ically investigate the incorporation of random pyramids into the
superstrate APTSCs stack that we used in Figure 4a , based on our
reference SnOx nk -set [ 60 ] again. While the scattering mechanism
may differ from the nanotextures, random pyramids approach the
Yablonovitch limit of light trapping, enhancing the absorption by
a factor of up to 4n2 in the low-absorbing regime [ 61 ] and serve
here as an estimate for an upper limit of light absorption. These
micron-sized pyramids have been demonstrated for PSiTSCs
before [ 62 ] and are well integrated into GenPro4. A height map
of the texture used for simulations is given in Figure S24 . 

For an APTSCs stack in superstrate configuration, we first
considered a front + middle ( fr. + mid .) textured stack (faded
line) and a fully textured stack (saturated line) in Figure 4d ,
essentially differing only at the back contact. Both variations
are based on a planar air/glass interface. The fr. + mid texture
reduces reflection losses of the tandem stack, especially in the
NBG regime. Additionally, the NBG response close to its band
edge is well enhanced, with a steeper rise compared to the planar
case. 

Importantly, the middle texture improves the in-coupling of light
from the WBG into the NBG subcell, as evident from the absence
of a step in the reflectance spectrum at 700 nm (dashed line,
Figure 4d ). These trends are similar to the trends observed in
[ 17 ], where sinusoidal nanotextures were considered. Finally, the
7 of 14
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FIGURE 4 Optically simulated absorptance and reflectance spectra of APTSCs. (a) Simulation of a fully planar stack in superstrate configuration, 
with simplified interconnecting layer by (1) removing PEDOT:PSS and (2) the sputter-deposited IZO layer. (b,c) Index matching of the interconnecting 
SnOx layer (20 nm and 80 nm, respectively) by adding a constant offset to its refractive index. (d) Simulation of an APTSC in superstrate configuration 
with the incorporation of random pyramid textures, either with a flat or textured back contact. (d) Simulation of pyramidally textured APTSCs in substrate 
configuration with glass/EVA considered at the top. (f) Fully textured APTSCs in substrate configuration where the use of a 20 µm thick NBG absorber 
(e.g., grown as single crystal) is considered. (g) Simulated J-V curve of an idealized APTSCs in the upper limit scenario of light absorption from (e); Voc 
and FF are based on the discussion in [ 77 ]. The inset figures show the APTSC layer stack. It must be noted that for improved clarity, not all functional 
layers of the APTSC are labelled. All implied current density values are given in mA ∙cm− 2 . 
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bsorption in the NBG subcell is increased from 17.57 mA ∙cm− 2

 planar ) to 18.48 mA ∙cm− 2 ( fr. + mid. texture ). These simulations
resent idealized scenarios indicating an upper limit for the
hotocurrent density. However, conformal coating of perovskite
top) cells was reported for co-evaporation [ 63 ] and 2-step hybrid
ethods [ 64 ] in PSiTSCs, solution-based on ordered nano- or
icrostructures [ 65 ] and sequential thermal evaporation for Sn-
b perovskites [ 66, 67 ]. To realize fr. + mid. textured APTSCs,
he NBG absorber thickness would need to be larger than the
exture size to planarize the back contact. If the NBG is coated
onformally as well, a fully textured APTSC could be realized.
nterestingly, the simulation results of a fully textured stack
Figure 4d ) only show a slight enhancement along the absorption
nset of the NBG to 18.61 mA ∙cm− 2 , due to the textured back
ontact. The gain for the fully textured APTSC is limited by the
ncreased parasitic absorption in the Cu electrode from 1.10 to 1.53
A ∙cm− 2 (Figure S25 ) as reported previously [ 17 ] and could be
ddressed by inserting a buffer layer between the absorber and
he electrode [ 18, 22, 68 ]. 

o far, we only considered APTSCs in superstrate configuration,
here light enters through the carrier glass used for deposition
nd which is the experimentally prevalent configuration for
PTSCs. Next, we simulate APTSCs in substrate configuration,
here light enters through the layer deposited last. This under-
eported architecture for APTSCs may enable improved device
tability [ 69 ] and open up new processing and light trapping
ptions. Figure 4e depicts the absorption and reflectance spectra
f a fully textured APTSCs stack in substrate configuration. Here
e considered a glass sheet at the top bonded with a 200 µm
hick ethylene vinyl acetate (EVA) layer to the APTSC stack [ 70 ].
ompared to the superstrate configuration, the reflectance losses
ncrease from 3.60 mA ∙cm− 2 (superstrate) to 3.92 mA ∙cm− 2 (sub-
trate), due to the different front-facing layers. The absorption of
he NBG subcell is similar to the superstrate configuration, while
he WBG shows a clear change for the two considered variations
with (faded line) and without C60 (saturated line) on top of

he WBG. With C60 in place, the top cell suffers from parasitic
bsorption in the C60 layer (Figure S26 ), limiting its implied
hotocurrent density to 17.97 mA ∙cm− 2 . When removing the C60
ayer, the top cell absorption can be enhanced to 18.37 mA ∙cm− 2

hile maintaining current matching conditions. These results
all short compared to the superstrate configuration, which for
he fully textured case reaches 18.94 and 18.98 mA ∙cm− 2 in the
op and bottom subcell, respectively. The fully textured substrate
onfiguration therefore relies on ETL materials which show
ow parasitic losses, e.g., non-fullerene ETLs [ 71, 72 ], as well as
uitable encapsulation materials. 

oing a step further, we explored the upper limit of light
bsorption in the NBG subcell by considering the use of 20 um
hick NBG absorbers. Efficient perovskite solar cells with such
ayer thickness were reported for single-crystal-like Pb-based
erovskite films with long carrier diffusion lengths, e.g in MAPbI3
 73 ], mixed MA-FA [ 74 ], and with mixed halides [ 75 ], while single-
rystal Sn-Pb perovskites have been reported as photodetectors
 76 ]. With the assumption of combining these advancements, this
cenario acts as an estimate for an upper limit of light absorption,
ith single-crystal Sn-Pb perovskites as a prerequisite. Building
pon the fully textured substrate configuration without C60 ,
dvanced Functional Materials, 2026
Figure 4f shows the simulation results of a 20 µm thick NBG layer.
The bottom subcell absorption above 900 nm is greatly enhanced,
with an extremely sharp onset and an almost rectangular shape.
Consequently, the implied photocurrent densities reach 19.08 and
19.09 mA ∙cm− 2 for the top and bottom subcell, respectively. An
overview of implied Jph values for the optical simulations is given
in Figure S27 . 

In summary, our simulations suggest that a simplified inter-
connect will improve the bottom cell absorption, while index
matching or textured interfaces will reduce reflectance losses.
A fully textured stack is beneficial for both the superstrate and
substrate configuration, where the latter benefits more due to
a textured interface toward air. Strategies to inhibit parasitic
absorption in the back contact should be implemented. In the
idealized case, exploiting the fundamental Yablonovitch light
trapping limit with a fully textured APTSCs in substrate config-
uration, having a lossless ETL and a thick NBG, a combined Jph 
of 38.17 mA ∙cm− 2 could be reached. Assuming that this JPh can
be equally divided between the subcells and that they reach 94%
of their respective detailed balance limit in VOC (1.39 V for top
subcell and 0.89 V for bottom subcell) [ 77 ] and in analogy also in
FF (86% for top subcell and 83% for bottom subcell), we modelled
the resulting subcell and tandem J-V curves based on a diode
model. The resulting tandem solar cell J-V curve shows a JSC of
19.085 mA cm− 2 , a VOC of 2.28 V, and a FF of 84%, which would
imply a potential PCE of 36.7% (Figure 4g ). 

3 Conclusion 

In this work, we evaluated optical design strategies in experi-
ment and simulation, enabling a systematic advancement in the
optical design of monolithic all-perovskite tandem solar cells
(APTSCs). We experimentally investigated the effects of front-
sided nanotextures and contact layer optimizations for the optics
of APTSCs. An investigation of the WBG perovskite top cell’s film
properties on nanotextures revealed enhancements in VOC and JSC 
over planar substrates. For APTSCs, the front-side nanotextures
improved light in-coupling over the whole absorption range
and minimized thin-film interference effects to consequently
boost light absorption in both subcells. In conjunction with a
tailored front ITO and GO/SAM bilayer for the NBG, we reduced
parasitic absorption in the NIR and systematically improved
the APTSC JSC toward 17.18 mA cm− 2 with a PCE of 27.98%
(MPP: 27.5%). Optical simulations delivered a perspective for
future optical gains in APTSCs: high n interconnecting layers
can reduce Fresnel reflection at planar interfaces. Furthermore,
the implementation of fully textured interfaces can suppress
such reflections even more strongly and increase the band edge
absorption in the perovskite absorbers. Simulations of a fully tex-
tured APTSCs in substrate configuration show that a front-sided
ETL with low parasitic absorption is crucial to unlock similar
optical performance as the superstrate counterpart. However,
exploiting thick single-crystal-like Sn-Pb perovskites in a fully
textured substrate configuration would increase the photocurrent
and enable PCEs exceeding 35 %. This work is a guideline to
further enhance the optics of monolithic APTSCs and potentially
other all-perovskite multijunction solar cells with more than two
absorbers. 
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 Methods Section 

.1 Materials 

sI (99.999%) was purchased from abcr. FAI and MACl were
urchased from GreatCell Solar Materials. PbI2 (99.99%, trace
etals basis), PbBr2 ( > 98.0%), and PbCl2 (sublimed, > 99.5%) were
urchased from Tokyo Chemical Industry Co., Ltd. (TCI). 

4-(3,6-Diphenyl-9H-carbazol-9-yl)butyl)phosphonic acid
Ph4PACz) ( > 99%) was purchased from Luminescence
echnology Corp. Anhydrous dimethylformamide (DMF,
9.8%), dimethylsulfoxide (DMSO, > 99.99%), iso-propanol
IPA, 99.5%), and Ethane-1,2-diammonium iodide (EDAI2 ,
 98%) were purchased from Sigma-Aldrich. Ethanol (EtOH,
nhydrous) was purchased from VWR. Fullerene C60
sublimed, > 99.99%) was purchased from CreaPhys GmbH.
etrakis(dimethylamino)tin(IV) (TDMASn, precursor for atomic
ayer deposited SnOx ) was purchased from STREM Chemicals,
nc. Cu pellets were purchased from Alfa Aesar. 0.2 µm PTFE
ilters were purchased from Whatman. Glass substrates (25 × 25
m, 0.7 mm thickness) and anti-reflective foil (AFH 3090) were
urchased from Yingkou Libo New Energy Technology Co., Ltd. 

-Aminoethanaminium iodide (AEAI) was synthesized as
eported in the literature [ 78 ]. Briefly: ethylenediamine (1 mL,
5 mmol; 99.9%, Sigma–Aldrich) was dissolved in 10 mL of
nhydrous ethanol in an ice bath. Then, hydriodic acid (14.25
mol, 0.95 eq, 57 wt. water, 99.95% Acros) was added while
tirring. The white precipitate has been rapidly filtered and
ashed with abundant dry ethanol and placed under vacuum
o dry overnight at room temperature. 1H NMR (300 MHz,
MSO-d6) δ 8.40 – 8.12 (bs, 5H), 3.18 (s, 4H). 

.2 Preparation of WBG Perovskite Precursor 
olution 

o obtain a 1 M perovskite solution with the nominal composition
f FA0.78 Cs0.22 Pb(I0.7 Br0.3 ), CsI (57.16 mg), FAI (134.14 mg), PbBr2
165.15 mg), and PbI2 (253.56 mg) were mixed in vial 1 with 1 mL
MF:DMSO (3:1 v:v). The solution was stirred for up to 16 h at
5◦C. In vial 2 , 1 M of the nominal composition MAPbCl3 was
caled with MACl (6.75 mg) and PbCl2 (27.81 mg). To yield the
inal solution, all of the solution from vial 1 is transferred into
ial 2 and stirred at 25◦C for 2 h. A vortexer is used to aid with
issolving. Finally, the solution is filtered through 0.2 µm PTFE
ilters into vial 3 . For the solar cell fabrication, precursor solutions
ith a concentration between 1.2 and 1.4 M before filtering were
sed. 

.3 Preparation of NBG Perovskite Precursor 
olution 

 total of 2 M perovskite precursor solution with the nominal
omposition of (CsI)0.07 ((FA0.7 MA0.3 )(Pb0.45 Sn0.55 )I3 )0.93 was pre-
ared by mixing SnF2 (34.8 mg), CsI (72.8 mg), MAI (190.8 mg),
AI (481.6 mg), PbI2 (829.8 mg), SnI2 (819.5 mg), Sn(0) (13.1 mg) in
ne vial with 2 mL of DMF:DMSO (3:1 v:v) and shaken overnight,
esulting in more than 2.2 mL perovskite solution. 30 min before
0 of 14
spin-coating, 2.2 mL of perovskite precursor solution was added
to 5 mg of GlyHCl in a second vial and stirred until fully dissolved.
Afterward, the solution was filtered through a 0.2 µm PTFE filter.

4.4 WBG Single Junction Fabrication 

Planar and nanotextured substrates are cleaned in a sequence in
Mucasol, DI water, and isopropyl alcohol within an ultrasonic
bath for 15 min each. Between each step, the substrates are washed
several times with DI water. Afterward, the cleaned substrates are
blown dry with a N2 gun and put into a UV-O3 cleaner (UVOH
150Lab from FHR) for 20 min. Then, they are immediately
transferred to a glovebox. A SAM is deposited atop the treated
substrates by spin-coating 100 uL of Ph4PACz (0.5 mg mL− 1 in
ethanol) for 20 s at 3000 r.p.m, including a ramp-up of 5 s. The
films are annealed for 10 min at 100◦C in the glovebox. The WBG
perovskite film is then deposited by spin-coating by dropping 100
uL of precursor solution atop the SAM and spreading it with a
clean and fresh pipette tip. The substrate is spun at 5000 r.p.m. for
40 s, including a 5 s ramp-up. 200 uL of methyl acetate is dropped
quickly and close to the surface at 15 s before the end of the
process. The film is annealed at 100◦C for 20 min in the glovebox.
Afterward, the perovskite surface is passivated by dynamically
spin-coating 100 uL of AEAI (1 mg mL− 1 in IPA) at 5000 r.p.m.
for 20 s, including a 2.5 s ramp-up, followed by annealing the film
at 100◦C for 5 min. Then 18 nm of C60 via thermal evaporation
and 35 nm of SnO2 by atomic layer deposition are deposited atop.
In the end, 100 nm of Cu is thermally evaporated to complete the
solar cell. 

4.5 All-Perovskite Tandem Solar Cell Fabrication

The fabrication of APTSCs follows the WBG single junctions
until after the ALD SnOx layer. Then, a 40 nm IZO layer is
sputter-deposited atop through a shadow mask to separate the
layer for each pixel. The samples are loaded through air into a
load-lock, which is evacuated and then transferred in vacuum
to the sputtering chamber. An Ar/O2 gas mixture is used for the
sputtering process. 

Afterward, PEDOT:PSS (Heraeus Al 4083 1:1 with IPA v:v, son-
icated for 10 min at RT and filtered through a PTFE filter) is
spin-coated atop the recombination layer, at 6000 r.p.m. for 30 s
including 2.5 s ramp-up. The wet films are intermediately stored
in a vacuum chamber for 5 min at − 1 mbar and then transferred
into a glovebox and annealed at 100◦C for 10 min. 

For the bilayer-based tandem solar cells, Graphene Oxide (GO)
dispersion from GOO is diluted with DI water to a concentration
of 1 mg mL− 1 and sonicated for at least 30 min. The solution is used
without filtering. GO layer is spin-coated in ambient air at 4000
r.p.m. for 30s with an acceleration of 1000 r.p.m. ∙s− 1 . The samples
are annealed for 10 min at 100◦C in ambient air and afterward
transferred to a glovebox. 

Then the NBG perovskite is spin-coated by dropping 100 uL of
precursor solution onto the sample and spun first at 1000 r.p.m.
for 15 s, including a 5 s ramp-up, then at 4000 r.p.m. for 40 s,
including a 5 s ramp-up. 250 uL toluene is dropped onto the
Advanced Functional Materials, 2026
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pinning film at 10 s before the end of the program. The NBG film
s annealed at 100◦C for 10 min. Directly afterward, the surface
reatment is applied by dynamically spin-coating EDAI2 solution
0.75 mg in IPA, filtered through a PTFE filter) at 3000 r.p.m. for
0 s, including a 2 s ramp-up time. The films are then annealed at
00◦C for 5 min. Finally, 23 nm C60 is thermally evaporated on
op, followed by 20 nm ALD SnO2 and 100 nm Cu by thermal
vaporation. 

.6 Fabrication of Nanotextures 

he sinusoidal nanotextures were prepared on cleaned silicate
lasses from Yingkou Libo New Energy Technology CO., Ltd. The
rocedure follows our earlier report [ 23 ]. 

.7 Sputter-Deposition of Front ITO 

ndium tin oxide films were deposited using an in-line pulsed
C magnetron sputtering system from Leybold Optics (A600V7).
he ITO layers were deposited from a planar target (600 mm,
VOCHEM GmbH) at a substrate temperature of approximately
30◦C and at varying oxygen flow ratios relative to argon (Ar) of
.2%, 2.0%, and 3.2%. The radiative heaters were set to 621◦C and
71◦C. Prior to deposition, the sputter chamber was maintained
vernight at the heater temperature settings. The base pressure
efore deposition was approximately 2 × 10− 6 mbar. The process
ressure was 5.7 × 10− 3 mbar at a total gas flow of 570 sccm. The
putter power was set to 4 kW, and pulsing was performed at a
requency of 40 kHz with a pulse duration of 1.2 µs. 

.8 Solar Cell Device Characterization 

he current density–voltage ( J –V ) characteristics of the solar cells
ere measured using a digital source meter (Keithley Model
400) under simulated 1 Sun AM 1.5G illumination (1000 W m− 2 ),
rovided by a Wavelabs Sinus 300 LED solar simulator at 25◦C in a
itrogen (N2 ) atmosphere. The light intensity and spectrum were
alibrated prior to measurement using a silicon reference cell
KG3 filtered or unfiltered). J–V measurements were performed
y first scanning in the reverse direction (from forward bias to
hort circuit), followed by a forward scan (from short circuit to
orward bias), with voltage steps of 20–40 mV. For each point,
he integration time and settling time were both set to 20 ms.
he device active area was defined using a metal mask with an
perture area of 0.1 cm2 (single-junction) or 0.1225 cm2 (Tandem).
hort-term maximum power point (MPP) tracking for stabilized
ower output was conducted using the same setup, with a step
ize of 10 mV, a tracking time of 1 s per step, and an integration
ime of 20 ms. 

.9 External Quantum Efficiency 

xternal quantum efficiency (EQE) measurements were carried
ut in ambient air using a QE-R system (EnliTech). For Sn–
b perovskite and tandem devices, encapsulation was performed
ith a glass coverslip and bluefix resin, cured under a UV lamp,
dvanced Functional Materials, 2026
prior to measurement in air. The EQE system was calibrated
before each measurement using a silicon reference detector.
The modulation frequency was 210 Hz. For tandem device
measurements, the sample was illuminated with external light
bias from ThorLabs LIU series LED arrays positioned close
to the device. For top subcell measurements, an LED with a
center wavelength of 850 nm was used, and for bottom sub-
cells, an LED with a center wavelength of 470 nm was used,
respectively. 

4.10 Photoluminescence 

Steady-state PL measurement was performed by using a home-
built setup with a 520 nm laser. The power density of the
laser was approximately one sun intensity, with a spot size
approximately 1.5 mm in diameter. The quasi-Fermi level splitting
(QFLS) is calculated with the following equation. QFLS = kB *T*
ln(PLQY*JG /J0 ), where kB is the Boltzmann constant, PLQY is
photoluminescence quantum yield, T is the temperature, JG is
the generation current density, and J0 is the dark recombination
current density. 

4.11 Transient Surface Photovoltage 

trSPV measurements were carried out on an in-house-built
setup. The samples were laser-excited with a tunable pumped
pulse laser (Nd:YAG Laser, EKSPLA, NT230-50-SH/SF-SCU-2H)
that was guided through a beam expander and a diaphragm
with an opening of ∼ 7 mm, before passing through a quartz
cylinder with a diameter of 7 mm right onto the sample sur-
face. For the measurements in this work, an excitation energy
of 2 eV and a pulse time of 3–6 ns at a measurement fre-
quency of 2 Hz were used. The laser fluence was controlled
via neutral density filters and adjusted to yield charge carrier
densities equivalent to 1 Sun. The transients were measured
with an oscilloscope card (Gage, CSE 1622- 4GS, 200 MS s − 1)
using in-house developed software for logarithmic read-out. We
illuminated and measured the SPV of all samples from the
perovskite side to exclude optical effects by the nanotextured
substrate. 

4.12 Atomic Force Microscopy 

Atomic force microscopy (AFM) measurements were performed
with an XE-70 AFM by Park Systems, featuring a nanoscopic high
aspect ratio tip. 

4.13 X-Ray Diffraction 

XRD diffractograms were obtained with a Bruker D8 diffrac-
tometer in Bragg-Brentano geometry. The perovskite films were
measured in ambient air at room temperature. No encapsulation
was used. For all measurements, the Cu K-alpha radiation
emitted from an X-ray tube operated at 40 mA and 40 kV
acceleration voltage was used with a step size of 0.02 2Theta and
1 s integration time. 
11 of 14
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.14 Scanning Electron Microscopy 

EM measurement was conducted using a MERLIN FE-SEM
ith a GEMINI II optical column from Zeiss. The acceleration
oltage was 3 kV at a current of 50 pA. An InLens detector was
sed for the images. 

.15 UV–Vis Spectroscopy 

he reflection and transmission of films and solar cells were
easured with a PerkinElmer Lambda-1050 UV–vis–NIR spec-
rometer with 5 nm steps from 1100 to 300 nm. A white standard
Spectralon) was used for calibration before characterization. 

.16 Optical Simulations 

ptical simulations were performed with the GenPro4 software
rom TU Delft ([24]). The nk data used herein are summarized
n Table S6 , except for the front ITO. The front ITO nk data set
as obtained by spectral ellipsometry of thin films on polished Si
afers. A Drude-Lorentz model was applied to model a spectral
ange from 190 to 2400 nm. The simulation stacks generally
onsisted of 4 media with varying coatings: air/glass/NBG/Ag,
.e., the NBG was modeled incoherently for thicknesses between 1
nd 20 µm. The detailed layer stacks for the various architectures
re depicted in the respective figures. TCO, C60, SnO2, and NaF
ayers were modelled as coatings at the respective interfaces.
e omitted the modelling of the self-assembled monolayers in
ll simulations. The given implied current density values are
alculated based on the AM1.5G reference spectrum. Current
atching was achieved by varying the top cell thickness in
ncrements of 25 nm in all cases. For the simulation of substrate
onfigurations, a 1.78 eV top cell was simulated by offsetting the
.8 eV nk -set by 7 nm toward lower wavelengths. 

.17 Electrical Simulations With Quokka3 

uokka3 [ 25 ] was used to evaluate series resistance ( RS ) losses
hen changing the TCO thickness. An ITO resistivity of 187 µΩ
m was measured and assumed to be constant throughout the
hickness variation. The calculated power loss associated with
 change in RS was then combined with optical losses and is
escribed in Note S1 . 
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