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ABSTRACT 

Fully scalable fabrication routes are one cornerstone required for commercial deployment of monolithic perovskite/silicon 
tandem solar cells. However, to date industrially viable deposition processes delivering high performance, uniform thin films, 
and compatibility with established silicon manufacturing remain limited. Here, we present a fully scalable deposition strategy 
for the entire perovskite top ‑cell, including a dip-coated self ‑assembled monolayer hole ‑transport layer, a hybrid two-step inkjet- 
printed wide-bandgap perovskite absorber, and a dip-coated interfacial passivation. The process shows excellent reproducibility 
and high device performance. When integrated with textured silicon bottom cells, the tandem solar cells achieve power conversion 
efficiencies exceeding 30%, highlighting the technological potential of this fabrication route. Scaling the perovskite active area by a 
factor of > 120 results in a single-junction module with an area of 12.96 cm2 and an efficiency of 17.8%, corresponding to a loss of only 
0.53%abs. per decade of area scaling. This highlights that our process not only delivers high performance tandem devices, but also 
offers excellent prospects for upscaling the device area. Extensive material analysis and device analysis substantiate the scalability, 
film quality, and interfacial control achieved. Importantly, this work provides the first demonstration of perovskite/silicon tandem 

solar cells surpassing 30% efficiency using an inkjet ‑printing-based perovskite absorber deposition. 
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 Introduction 

caling up perovskite solar cell production while simultaneously
aximizing material yield remains a key challenge for translat-
ng perovskite/silicon tandem solar cells (PSTs) into industrial
pplication [ 1–3 ]. Although a variety of scalable deposition
ethods for perovskite thin films, such as evaporation, slot-die
oating, blade coating, inkjet printing, and spray coating, have
een demonstrated and shown to yield high power conversion
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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efficiencies (PCEs), most reported devices in academic literature
still rely on non-scalable processing steps. In particular, spin-
coating is frequently employed during perovskite passivation
or self-assembled monolayer (SAM)-based hole transport layer
(HTL) deposition, preventing fully scalable device fabrication
[ 4–13 ]. One reason for this reliance on spin-coating is that current
most efficient PSTs ( > 31% PCE) are mainly fabricated on small-
area devices (1 cm2 ), where spin-coating is favored due to its
simplicity, rapid processing, excellent uniformity, and ability
se, which permits use, distribution and reproduction in any medium, provided the 
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o promote homogeneous nucleation [ 14 ]. Consequently, spin-
oated SAM-based HTLs and spin-coated passivation strategies
emain the dominant approaches for achieving record efficiencies
t the laboratory scale [ 15–18 ]. In contrast, several studies explore
calable HTL deposition techniques, including sputtering (often
till combined with spin-coated SAMs) and evaporation [ 7, 19 ].
imilarly, evaporated passivation layers based on inorganic and
rganic materials, such as lithium fluoride (LiF) or ethane-
,2-diammonium iodide (EDAI), have been investigated [ 20,
1 ]. However, devices fabricated using scalable approaches still
xhibit lower PCEs compared to non-scalable fabricated coun-
erparts, particularly at the small-area level. One promising and
ost-effective route for the deposition of functional thin films at
ndustrial scale is wet immersion coating, commonly referred
o as dip-coating at the laboratory scale [ 22 ]. Because SAMs
nd passivation layers are required only in small quantities,
anging from monolayers to films a few nanometers thick, dip-
oating represents an attractive, inherently scalable alternative
hat enables straightforward transfer of established spin-coating-
ased protocols. Owing to their ability to self-assemble via
hosphonic acid anchoring groups, SAMs are particularly well
uited for dip-coating deposition [ 23, 24 ]. The phosphonic acid
inker reacts with the underlying substrate (e.g., indium tin oxide
ITO) or nickel oxide (NiOx )), while the formation of additional
ayers is intrinsically suppressed, as the linker does not react
ith an already formed SAM [ 25, 26 ]. Indeed, the first SAM-
ased perovskite solar cells were demonstrated using dip-coating
s early as 2018 by Magomedov et al. [ 27 ]. Despite this early
emonstration, systematic investigations into the influence of
ip-coating parameters, such as solution molarity, immersion
ime, and solution reusability, remain scarce. Even fewer studies
ddress the replacement of spin-coated passivation layers with
ip-coated alternatives. In response, this work demonstrates that
oth spin-coated SAM and passivation deposition can be fully
eplaced by a simple, fast, and scalable dip-coating process within
 fully scalable PSTs fabrication process. In recent years, hybrid
wo-step deposition has emerged as a promising fabrication for
erovskite thin films, offering significant potential for scalable
ST manufacturing. Here, inorganic precursors are typically
eposited in a first step via thermal evaporation, followed by
he deposition of organic precursors from solution in a second
tep. While most studies on hybrid two-step deposition rely on
on-scalable techniques such as spin-coating in the second step,
STs fabricated using this fabrication route have already achieved
CEs exceeding 33% [ 17, 18, 28 ]. By integrating the advantages
f both deposition methods, namely, the conformal and highly
ontrolled film formation enabled by evaporation, and the rapid,
ow-cost processing afforded by solution-based deposition, this
ybrid strategy enables the formation of uniform, large-area thin
ilms. Importantly, it also shows compatibility with industrial
equirements, including deposition on textured silicon substrates
 29 ]. Here, using a hybrid two-step inkjet-printing approach,
ombining evaporation of all inorganic perovskite precursor
aterials with scalable inkjet printing of all organic precursor
aterials, we deposit the perovskite absorber entirely by scal-
ble methods. All surrounding layers are likewise fabricated
sing industrially compatible processes, including evaporation
nd atomic layer deposition for the electron transport layer,
puttering for the transparent conductive oxide, and evaporation
or the electrodes. We present a detailed deposition protocol
dentifying critical dip-coating parameters, including solution
of 13
molarity, dip-coating time, and material yield enabled by repeated
solution reuse, and elucidate how these parameters affect device
performance. All dip-coated devices are benchmarked against
an optimized spin-coating-based reference, demonstrating that
dip-coating does not impose a performance penalty. A cham-
pion wide-bandgap single-junction perovskite solar cell (PSC)
reaches a PCE of 20.1%. Finally, the here optimized dip-coating
based SAM and passivation deposition is used to fabricate a
perovskite mini-module with an active area of 12.96 cm2 that
even though being 123 times larger than the PSCs used for
optimization, shows an only 0.53%abs. loss in PCE per decade
of area scaling with an absolute PCE of 17.8%. Additionally
textured PSTs are fabricated reaching a single scan champion
PCE of up to 30.2% (30% during 10-min MPP tracking), which
to the best of our knowledge is the highest reported PCE for
a PST fabricated using an inkjet printing step to deposit the
perovskite. 

By combining dip-coating for the perovskite-adjacent layers,
namely the SAM and the passivation layer, with a hybrid two-
step perovskite deposition process employing inkjet printing for
precise spatial control, we demonstrate a scalable fabrication
route for efficient PSTs. This approach represents an important
step toward the industrialization of perovskite-based tandem
photovoltaics. 

2 Results and Discussion 

We present a fully scalable fabrication route for PSTs based
on three complementary deposition strategies that enable uni-
form, high-quality thin films and, consequently, high PCEs.
More precisely, the resulting PSTs achieve PCEs exceeding
previously reported hybrid two-step processed PSTs employing
scalable perovskite deposition, while extending scalability to
all other functional layers within the device stack [ 30 ]. Fur-
thermore, for the first time, such PCEs are achieved using
an inkjet-printing-based perovskite fabrication route. The pro-
cess begins with the formation of the HTL, comprising a
SAM, deposited via a highly reproducible dip-coating method
(Figure 1a ). We systematically investigate the influence of
solution molarity and immersion time, including material uti-
lization across consecutive fabrication cycles, achieving device
performance comparable to an optimized spin-coating refer-
ence while improving scalability. The perovskite absorber is
then formed via a hybrid two-step approach, starting with
vapor-phase deposition of the inorganic perovskite precur-
sors (Figure 1b ), followed by inkjet printing of the organic
precursors to complete conversion with precise spatial con-
trol (Figure 1c ). After crystallization, a widely used passiva-
tion layer based on propane-1,3-diammonium iodide (PDAI2 )
and n-butylammonium iodide (BAI) is applied by dip-coating
(Figure 1d ), with processing parameters again systematically
evaluated [ 30–32 ]. Finally, the scalability of the developed
fabrication route is demonstrated by fabricating a highly effi-
cient wide-bandgap perovskite mini-module suitable for tandem
integration, as well as monolithic PSTs achieving a record
PCE exceeding 30% for inkjet-printed perovskite deposition.
The complete device architecture, including electron trans-
port layer, electrodes, and anti-reflection coating, is shown in
Figure S1 . 
Advanced Energy Materials, 2026
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FIGURE 1 Fully scalable fabrication process of a perovskite thin film and its surrounding thin films on top of a textured heterojunction silicon 
solar cell using (a) dip-coating for the self-assembled monolayer, (b) evaporation for the inorganic precursor materials, (c) inkjet printing for the organic 
precursor materials, and (d) dip-coating for the passivation. 
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.1 Scalable HTL Deposition Using Dip-Coating 

n the following, we demonstrate scalable dip-coating deposition
f SAMs provides excellent wetting and compatible performance
o spin-coated counterparts. Dip-coating yields a higher open-
ircuit voltage ( VOC ), improved SAM coverage, and strongly
educed material waste compared with spin-coating. By
ptimizing SAM molarity and immersion time, we fabricate
 1.68 eV wide-bandgap PSCs with performance on-par with
hat of optimized spin-coated references. SAM-based PSCs are
irst reported in 2018 by Magomedov et al., while Al Ashouri
t al. introduce the second generation of SAMs, including 2PACz
sed in this work, in 2019 [ 27, 33 ]. Both studies investigate
ip-coating and spin-coating as deposition methods and obtain
imilar device performance. However, the process window
ith respect to molarity, immersion time, and solution lifetime
emains largely unexplored. Here, we address this gap using
 fully scalable perovskite deposition process based on hybrid
wo-step inkjet printing, first introduced by our group in
024 for single-junction PSCs and in 2025 for PSTs [ 34, 35 ].
or all single-junction PSCs, we use 2PACz as the SAM. As
emonstrated in PST fabrication, the SAM molecule can be
eplaced, for example, by (4-(3,6-diphenyl-9H-carbazol-9-yl)
utyl)phosphonic acid (Ph4PACz). As a reference for the
ip-coated PSCs, we employ an optimized process from our
revious work using a 0.5 mg mL− 1 spin-coated 2PACz HTL,
orresponding to 1.82 mM. These reference PSCs show a median
CE of 18.5%, with a FF of 80%, a VOC of 1.16 V (Figure 2a–c ), and
 current density ( JSC ) of 19.9 mA cm− 2 (Figure S2 ). By increasing
he SAM molarity during dip-coating from 0.015 mg mL− 1 ( ≈
.055 mM) to 1.5 mg mL− 1 ( ≈ 5.500 mM), we observe a clear
orrelation with device performance. PSCs fabricated with
.055 mM exhibit a low median PCE of 14.5% and a standard
eviation of 1.5%, which originates from a reduced median
F of 67% and a large standard deviation in VOC . In contrast,
SCs fabricated with SAM molarities ≥ 0.27 mM show strongly
dvanced Energy Materials, 2026

C
rea
improved PCE and reduced standard deviations of 0.2%–0.5%
(excluding outliers), as shown in Figure 2a–c . We therefore
identify 0.27 mM as the minimum SAM molarity required for
reproducible PSC performance. Further increasing the SAM
molarity to 0.550 and 5.500 mM results in median PCEs of 18.0%
and 18.2%, respectively, matching the performance of spin-coated
references. Notably, the VOC of all dip-coated PSCs fabricated
with molarities ≥ 0.27 mM exceeds that of spin-coated devices.
Moreover, VOC increases monotonically with increasing SAM
molarity and reaches a median value of 1.19 V at 5.500 mM
(Figure 2c ). Analysis of JSC and EQE attributes these trends to
differences in SAM coverage. Spin-coated PSCs show median
JSC values of 19.9 mA cm− 2 and EQE values exceeding 80%
between 400 and 700 nm, indicating efficient charge extraction.
In contrast, PSCs fabricated with 0.055 mM SAM exhibit an
overall EQE reduction of 5%, consistent with inefficient charge
extraction caused by incomplete SAM coverage (Figure 2d and
Figure S2 ). Increasing the molarity to 0.27 mM and 0.550 mM
raises the EQE to values comparable to spin-coated PSCs. At
5.500 mM, the EQE decreases by 5% in the 400–500 nm range
while remaining comparable at longer wavelengths (Figure 2d ).
This suggests reduced hole extraction at the HTL side, since
shorter wavelengths are absorbed closer to the p-side in p-i-n
PSCs. We hypothesize, that increased SAM density slightly
limits charge extraction, but simultaneously reduces interfacial
trap-states, boosting the VOC and FF. X-ray photoelectron
spectroscopy (XPS) reveals an increase in SAM coverage with
increasing 2PACz solution molarity from 0.055 to 5.500 mM.
Notably, the SAM coverage obtained by dip-coating from a
5.500 mM solution exceeds that of the spin-coated reference
sample (Figure S3a ). Quantitatively, the phosphorus-to-indium
ratio (used as a measure of SAM coverage) increases from 13.09%
for the 0.055 mM sample to 13.49% for the spin-coated reference
and further to 17.67% for the 5.500 mM sample (Figure S3b ).
Ultraviolet photoelectron spectroscopy (UPS) is employed to
investigate changes in energy-level alignment (Figure S4 ). For
3 of 13
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FIGURE 2 Comparison between perovskite solar cells fabricated by spin-coating the 2PACz (ref) self-assembled monolayer versus applying it 
using different molarities during dip-coating, investigating (a) the power conversion efficiency, (b) the fill factor, (c) the open-circuit voltage, and (d) 
the external quantum efficiency. (e) ITO surfaces covered with and without the differently deposited 2PACz self-assembled monolayers are investigated 
using optical contact angle measurements using water and f) Kelvin probe force microscopy. 
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he 0.055 mM sample, the Fermi level is separated from the
alence band maximum by 0.90 eV. Increasing the molarity to
.500 mM improves the band alignment, reducing this energy
ffset to 0.67 eV. However, despite the higher SAM coverage
chieved at 5.500 mM, the spin-coated reference exhibits a
lightly more favorable band alignment. This observation
uggests that the small reduction in JSC observed at 5.500 mM
ay partially originate from less efficient charge extraction
aused by the slightly inferior energy-level alignment. At the
ame time, both the FF and VOC continue to increase, indicating
hat these parameters are strongly influenced by the enhanced
of 13
SAM coverage and increased interfacial passivation. This
interpretation agrees with observations reported by Yeddu et al.
and Qu et al. [ 36, 37 ]. Optical contact-angle measurements
further support this hypothesis. With decreasing SAM molarity,
the contact angle approaches that of pristine ITO ( ∼ 67◦).
Substrates dip-coated using 5.500 mM show a median contact
angle of 86◦, which decreases to 75◦ for 0.550 mM and to 69◦
for 0.055 mM (Figure 2e ). This trend indicates reduced SAM
coverage at lower molarities, allowing stronger interaction
between the water droplet and exposed ITO regions. We
further investigate SAM coverage using Kelvin probe force
Advanced Energy Materials, 2026
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icroscopy (KPFM) on glass/ITO substrates coated with 2PACz
y spin-coating and dip-coating. Pristine ITO exhibits a surface
otential of 0.53 V. For dip-coated SAMs, the surface potential
ncreases from 0.57 V at 0.055 mM to 0.73 V at 0.550 mM and
o 0.90 V at 5.500 mM (Figure 2f ), while spin-coated SAMs
how 0.71 V. These results further confirm that higher SAM
olarity produces a more compact and complete monolayer.
sing a 0.550 mM 2PACz solution, we study the influence of
ip-coating time by comparing durations of 6, 60, and 600 s.
either shorter nor longer immersion times improve device
erformance (Figure S5a–d ). Extended immersion times yield
omparable results, whereas very short immersion times
ncrease the FF standard deviation to 3.5% (excluding outliers;
igure S5b ). Because SAMs form monolayers, dip-coating
onsumes only negligible amounts of 2PACz. We therefore
xamine solution reuse by fabricating 70 substrates in ten dip-
oating runs (seven substrates per run). The first 35 substrates are
rocessed immediately, while the remaining 35 are fabricated one
onth later using the same solution stored in a nitrogen-filled
lovebox. We observe neither run-dependent nor time-dependent
egradation in PCE, demonstrating that the dip-coating solution
emains usable for at least one month. This result strongly
nhances material utilization compared with spin-coating
Figure S6a,b ). 

.2 Scalable Passivation Using Dip-Coating 

ext, we introduce dip-coating as an alternative deposition
ethod for the often-used solvent-based passivation PDAI2 ,
nabling lossless scaling with reduced PCE variability [ 30–32 ].
amely, we evaluate the influence of solution molarity and
mmersion time. To assess the replacement of spin-coating, PSC
assivated using dip-coating are compared with the reference
SCs described above and fabricated according to our previously
eported process [ 35 ]. The reference passivation uses a solution
ontaining 1 mg mL− 1 PDAI2 and 1 mg mL− 1 BAI in IPA ( ≈
 mM total concentration). For dip-coating, we investigate sig-
ificantly lower concentrations: 240.0, 24.0, and 2.4 µM. Despite
he much lower molarity, and therefore substantially improved
aterial efficiency, the champion devices exhibit PCE values
n par with the spin-coated reference (Figure 3a ). However,
SC performance strongly depends on the chosen concentration
nd must be carefully optimized. At 24.0 µM, devices achieve
 median FF of 80.4%, whereas increasing the concentration to
40.0 µM broadens the performance distribution and reduces
he median FF to 78.4% (Figure 3b ). Reducing the concentration
o 2.4 µM also lowers the FF (78.3%) and decreases VOC , which
e attribute to insufficient passivation and remaining surface
efects (Figure S7a ). Devices passivated at 24.0 µM show very
ow absolute hysteresis (1%), comparable to spin-coated samples
Figure 3c ). In contrast, both lower and higher concentrations
ncrease hysteresis toward 3%. JSC and integrated JSC confirm
fficient conversion and charge extraction for both deposition
ethods, while higher concentrations (240.0 µM) slightly reduce
he EQE by 1%–2%, suggesting marginally hindered charge
xtraction (Figure 3d and Figure S7b ). To further assess the
ptoelectronic quality of the perovskite thin films, time-resolved
hotoluminescence (TRPL) measurements are performed using
ime-correlated single-photon counting (TCSPC). The results
eveal a trend that is consistent with the observed PSC perfor-
dvanced Energy Materials, 2026
mance. Perovskite thin films with spin-coated passivation exhibit
the longest charge-carrier lifetimes, while comparable lifetimes
are observed only for thin films passivated by dip-coating in a
24 µM solution (Figure 3e and Figure S8 ). Increasing or decreasing
the dip-coating precursor concentration results in a pronounced
reduction in carrier lifetime. This reduction is attributed to
additional non-radiative recombination pathways arising from an
incomplete passivation layer at 2.4 µM and an excessively thick
passivation layer at 240 µM, respectively [ 38 ]. UPS measurements
show that spin-coated passivation and dip-coated passivation at
24 µM induce a similar shift of the conduction-band minimum
toward the Fermi level. This shift is slightly more pronounced for
the spin-coated samples, which may account for the 0.01 V higher
median VOC achieved using this deposition method (Figures S7a
and S9 ). XPS analysis of the N 1 s and Pb 4 f regions reveals similar
trends for both passivation methods, despite the approximately
two-orders-of-magnitude lower precursor concentration used for
dip-coating. In the N 1 s region, comparable peak broadening
is observed for the spin-coated and 24 µM dip-coated samples,
indicating overlapping contributions from the N 1 s orbitals of
PDA+ and BA+ and those of the FA+ and MA+ orbitals of the
perovskite (Figure S10a ). Consistent with this interpretation,
perovskite thin films passivated by dip-coating at the lower
concentration of 2.4 µM exhibit less pronounced N 1 s peak
broadening. Similarly, the Pb 4 f peaks shift toward lower binding
energies for both samples passivated by spin-coating and by
dip-coating at 24 µM (Figure S10b ). This shift indicates effec-
tive surface passivation and a pronounced interaction between
the passivation molecules and the perovskite surface [ 15, 30 ].
By comparison, the 2.4 µM dip-coated sample exhibits a less
pronounced shift, further supporting the conclusion that this
concentration results in insufficient passivation. We attribute
the comparable passivation achieved despite the approximately
two-orders-of-magnitude difference in precursor concentration
to the distinct deposition dynamics. During dip-coating, the
prolonged immersion of the perovskite film in the precursor
solution likely compensates for the lower concentration, whereas
during spin-coating, the perovskite thin film is exposed only
briefly to a more concentrated solution before it is rapidly expelled
at 4000 rpm. Next, using k-mapping, we analyze the spatial
distribution of recombination properties [ 39 ]. Spin-coated thin
films show a homogeneous distribution with a mean k-value of
1.42 (Figure 3f ). Dip-coated films processed at 24.0 µM exhibit
faint drying patterns that originate from drying of the fully wetted
substrate on the hotplate, likely caused by the current laboratory-
scale setup, which does not completely remove residual solvent
before annealing. Gradually increasing the annealing tempera-
ture did not eliminate these drying-induced effects. However,
N2 -gas-flow-assisted drying prior to annealing provides a suitable
approach to mitigate them (Figure S11a–c ). Nevertheless, despite
the observed local variations, device statistics remain highly
uniform: the standard deviation in VOC is only 1.94 mV for
dip-coated devices, compared with 3.49 mV for spin-coated
counterparts (excluding one shunted cell). Using the optimized
concentration of 24.0 µM, we next vary the immersion time (6 s,
60 s, and 600 s). A duration of 60 s delivers the best median
performance across all photovoltaic parameters (Figure S12a–d ).
Shorter (6 s) and longer (600 s) treatments slightly reduce VOC 
by 10 mV and FF by 1–2%, yet still yield median PCE values
around 18%, revealing a broad and robust processing window.
Finally, we combine the optimized conditions for both interlayers,
5 of 13
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FIGURE 3 (a) Power conversion efficiency, (b) fill factor, (c) absolute hysteresis, (d) external quantum efficiency, and (e) time-resolved 
photoluminescence (TRPL) measurements of the perovskite thin films passivated using spin-coating (ref) and different molarities while dip-coating 
(2.4, 24.0, and 240.0 µM). (f) k-maps of a perovskite thin film passivated using spin-coating (ref) and the best performing dip-coating molarity (24.0 µM). 
(g) JV -curves of the champion perovskite solar cells fabricated using spin-coating for the self-assembled monolayer and passivation, as well as using 
dip-coating for both. 
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AM deposition at 5.500 mM for 60 s and passivation at 24.0 µM
or 60 s, to fabricate a batch of wide-bandgap PSCs. These PSCs
chieve a champion PCE of 20.1% with a median of 18.9%, enabled
y a median VOC of 1.19 V, median JSC of 19.7 mA cm− 2 , and
edian FF of 80% (Figure 3g and Figure S13a–d ). EQE of the
of 13
champion PSC confirms sufficient conversion with an integrated
JSC of 20.4 mA cm− 2 (Figure S14 ). To the best of our knowl-
edge, these results represent the highest efficiencies reported for
wide-bandgap PSCs fabricated using an inkjet-printed perovskite
deposition step. 
Advanced Energy Materials, 2026
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FIGURE 4 (a) Photograph and (b) JV -curve of the 12.96 cm2 (aperture area) wide-bandgap perovskite mini-module consisting of nine perovskite 
solar cell stripes. 
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.3 Large Area Deposition Enabling Module 
ntegration 

lthough several studies report hybrid two-step fabricated PSC
odules, this work is, to the best of our knowledge, the first to
emonstrate a wide-bandgap PSC module using this deposition
ethod. In 2022, Tan et al. report a remarkable PCE of 23.7% for
SCs with an active area of 1 cm2 . Upon scaling the active area to
 × 4 cm2 , the PCE decreases to 20.02%, corresponding to a 3.06%
bsolute loss per decade in area scaling. It should be noted that a
edium-bandgap absorber in an n–i–p architecture is employed,
hich is not suitable for tandem integration. Furthermore, spin-
oating is used for the deposition of the organic precursors,
nherently limiting the scalability of the process. As already
vident from a photograph of the perovskite thin film, spin-
oating artifacts are visible to the naked eye [ 40 ]. Similar artifacts
re reported using electroluminescence imaging by Pisoni et al.,
ho fabricate a flexible module with an active area of 9.6 cm2

onsisting of eight serially interconnected sub-cells. Their hybrid
wo-step process also combines thermal evaporation and spin-
oating within an n–i–p architecture. Despite the challenges
ssociated with flexible substrates, the module achieves a notable
CE of 10.5%. However, they report an absolute loss per decade
n area scaling of 2.38%, since their small-area PSCs (0.15 cm2 ),
eaches a PCE of 14.8% [ 41 ]. In contrast, the photograph of the
SC fabricated in this study (Figure 4a ) shows homogeneous
hin-film formation across the entire coated area, enabled by
nkjet printing, highlighting the compatibility of the process
ith scalable manufacturing. Recently, Yu et al. report large-
rea perovskite thin films fabricated via a hybrid two-step
rocess combining evaporation and blade-coating. Although
heir modules exhibit a substantial active area of 8 × 8 cm2 ,
evice performance is limited by shunting, resulting in a FF
f only 64% and a PCE of 12.6%. In addition, a bandgap of
.55 eV is employed, which is not optimal for tandem applications
 42 ]. In this work, dip-coating is used for the deposition of the
PACz SAM-HTL and for interfacial passivation, in combination
ith hybrid two-step inkjet printing for perovskite deposition.
his approach enables a fully scalable module fabrication route.
oreover, a p–i–n architecture is implemented, demonstrating
he suitability of the developed process for tandem integration.
or module fabrication, a 5 × 5 cm2 glass/ITO substrate is
dvanced Energy Materials, 2026

C
rea
coated, of which a central region of 3.6 × 3.6 cm2 (12.96 cm2 )
serves as the active area. The module layout is defined by laser
scribing, forming nine serially interconnected sub-cells, each
with an active area of 1.44 cm2 . The optimized recipes for SAM
formation and perovskite/ETL passivation developed above are
directly transferred to the module process using dip-coating. The
resulting mini-module achieves a PCE of 17.8%, corresponding
to an absolute efficiency loss of 1.1% per decade of area scaling
considering the champion small-area PSC. When compared to
the median PCE of small-area devices, the loss is only 0.53%
absolute per decade of area scaling (Figure 4b ). The measured
VOC of 10.97 V indicates a high yield of well-performing sub-
cells. Nevertheless, the mini-module still exhibits considerable
potential for further reduction of upscaling-related losses. It
should be noted that one of the main contributors to the observed
scaling losses is the custom-built laser scribing setup employed
in this work. The limited precision of the system can lead to
reduced shunt resistance due to imperfect scribing. Furthermore,
during the P3 scribing process, the ablated silver is not always
completely removed but can instead be partially fractured and
redistributed, resulting in local shunting of individual sub-cell
regions (Figure S15 ). Notably, the lowest area-dependent PCE
losses achieved in-house with the current setup have not yet been
below 1% absolute per decade increase in active area [ 43 ]. We
therefore attribute a significant fraction of the observed scaling
losses to the limitations of the laser scribing process rather than
to the scalable deposition methods themselves. We anticipate
that the use of a more advanced and precisely controllable laser
scribing system would further reduce scaling losses and enable
improved mini-module performance. 

2.4 Tandem Solar Cell Integration 

As a proof of concept extending beyond single-junction architec-
tures, we apply the double dip-coating process in combination
with the scalable hybrid two-step inkjet-printed perovskite depo-
sition to textured heterojunction silicon bottom cells with a 1 cm2 

active area (Figure 5a ). For these PSTs, we retain the same passi-
vation strategy but replace the SAM 2PACz with Ph4PACz. This
substitution is beneficial because Ph4PACz provides improved
wettability on the textured silicon surface. In addition, Ph4PACz
7 of 13
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FIGURE 5 (a) JV -curve of the champion perovskite/silicon tandem solar cell. (b) Photograph, together with maximum power point tracking over 
10 min. (c) Comparison of champion perovskite/silicon tandem solar cells fabricated using hybrid two-step deposition. (d) Scanning electron microscopy 
image of the tilted cross-section of the perovskite thin film deposited on nano- and micron-textured silicon bottom cells. 
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s reported to enable high VOC and FF due to improved band
lignment and reduced interfacial energy losses [ 44 ]. Consis-
ent with previous observations for 2PACz on planar glass/ITO
ubstrates, dip-coating Ph4PACz from a 5.500 mM methanolic
olution onto textured silicon substrates produces a denser and
ore robust SAM. KPFM reveals a surface potential 0.06 V
igher than that of the spin-coated reference and 0.19 V higher
han that of substrates coated with pristine NiOx (Figure S16 ).
n agreement with these findings, XPS shows an increase in
oth the #P signal intensity and the #P/#Ni ratio, which serves
s an indicator of SAM density. Specifically, the #P/#Ni ratio
ncreases from 9.1% for the spin-coated substrates to 20.1% for
he dip-coated substrates (Figure S17a,b ). Finally, ultraviolet
hotoelectron spectroscopy (UPS) indicates slightly improved
nergy-level alignment for the dip-coated SAMs (Figure S18 ).
sing this fully scalable interlayer deposition approach, the
hampion PST reaches a PCE of 30.2%, enabled by a VOC of
.94 V, a JSC of 20.4 mA cm− 2 ( > 20 mA cm− 2 according to
QE), and a FF of 75.8% (Figure 5a and Figure S19 ). To our
nowledge, this constitutes the first report of an inkjet printing-
ased perovskite deposition to fabricate PSTs surpassing the 30%
fficiency threshold and, consequently, the highest efficiency
chieved for a PST fabricated from an inkjet printing-based
erovskite precursor. While several studies have reported PSTs
ith PCEs of 28%–30% fabricated via hybrid two-step deposition
sing blade coating, our results position inkjet printing as a strong
ompetitor (Figure 5c ) [ 9, 45, 46 ]. Moreover, given that only a
ingle study has so far explored slot-die coating in combination
ith fully scalable PSC fabrication, our work demonstrates that
of 13
a transition toward fully scalable processing does not inher-
ently compromise device performance [ 47 ]. By implementing
dip-coating as a scalable alternative to spin-coated passivation,
highly effective passivation molecules such as PDAI2 -BAI can
be employed, enabling the achievement of the highest reported
VOC among (fully) scalable hybrid two-step fabricated PSTs (Table
S1 ). It should be noted that, compared to the planar single-
junction champion PSC, the observed reduction in FF is primarily
attributed to the not fully optimized tandem architecture on the
textured substrate. This leads to increased series resistance and a
pronounced decrease in shunt resistance. In contrast, fabrication
of a planar silicon-based PST yields a substantially higher FF of
78%, albeit at the expense of a reduced JSC due to the reduced
light management capabilities (Figure S20 ). Even though the
textured PST exhibits a reduced FF, it sustains a PCE above
30% during 10 min maximum power point tracking and exhibits
a t80 lifetime of 100 h (Figure 5b,c and Figure S21 ). Notably,
this lifetime, achieved without encapsulation, is twice that of
our previously reported hybrid two-step inkjet-printed PSTs [ 35 ].
Compared to our recent work using sequential evaporation, we
observe no reduction in stability when moving from non-scalable
fabrication to fully scalable processing on texture. This highlights
robust SAM-HTL formation even on textured substrates [ 48 ].
Compared with published champion PSTs exceeding 33% PCE,
which are fabricated using non-scalable one-step spin-coating
or a hybrid two-step deposition, devices based on the latter
method continue to exhibit limited long-term stability [ 18, 49 ].
Similarly, in the present study, t80 lifetimes exceeding 100 h are
not achieved. As shown in our previous work, PST degradation
Advanced Energy Materials, 2026
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s primarily associated with decreases in JSC and FF, whereas
OC remains largely unaffected [ 35 ]. Thiesbrummel et al. reported
hat this degradation trend is indicative of electric-field screening
nduced by mobile ions under prolonged illumination, which
n the present study is applied under ISOS-L1 conditions [ 50,
1 ]. Assuming that degradation of the perovskite absorber is
he dominant contributor to the overall device degradation, we
nvestigated whether dip-coating both the SAM-based HTL and
he molecular passivation layer limits PSC stability. For this
urpose, long-term MPP-tracking is performed on one-step spin-
oated PSCs fabricated according to the procedure reported by
ang et al. [ 15 ]. Based on the published perovskite formulation,
ide-bandgap PSCs are fabricated and tracked for 420 h. Both
SC types exhibited similar light-induced degradation behavior.
s shown in Figure S22 , the dip-coated PSCs showed a slightly
mproved stability (t80 = 356 h) than the spin-coated reference
SCs (t80 = 309 h). It should be noted that the optimized
assivator concentration reported by Fang et al. is used for
he spin-coated passivation layer. In contrast, the dip-coating
onditions are not reoptimized. Instead, a concentration of 24 µM
nd a deposition time of 60 s is applied. Beyond the champion
STs, the scalable fabrication process demonstrated good batch-
o-batch reproducibility, achieving a median PCE of 29.5% across
our tandem solar cells fabricated in four independent consec-
tive batches (Figure S23a ). The high median VOC of 1.93 V,
ogether with a median JSC value exceeding 20 mA cm− 2 and
 moderate median absolute hysteresis < 1% (Figure S23b–e ),
ndicates excellent HTL formation and effective surface passiva-
ion, enabled by replacing all spin-coating steps by dip-coating. It
hould be noted that, due to design constraints of the evaporation
ystem, only three PSTs can be fabricated per batch during
he inorganic precursor deposition step. To ensure near-optimal
toichiometry, one PST is printed at the nominal resolution,
hile the remaining two PSTs are printed at resolutions of
 80 DPI. This strategy compensates for minor batch-to-batch
ariations in the deposited material quantity without requiring
n-line process monitoring. Although industrial manufacturing
ould rely on advanced process control to maximize device yield
nd ensure uniform product quality, the present approach is
hosen to demonstrate the feasibility and performance potential
f the hybrid two-step inkjet-printing process. Consequently, an
ffective device yield of approximately 33% is accepted within
his research-scale study. For completeness, the PCE evolution
f all PSTs fabricated across four consecutive batches is pre-
ented in Figure S24 . Lastly, the developed inkjet-printing-based
ybrid two-step process demonstrates excellent versatility for
ntegration with textured tandem architectures. In our previous
tudy, micron-textured silicon bottom cells from a different
upplier were investigated [ 35 ]. In contrast, the transition to
ano-textured silicon bottom cells in the present work does not
equire any modifications to the perovskite deposition process,
part from a 40% reduction in the amount of material deposited
uring both evaporation and inkjet printing. A comparison of
EM images of perovskite thin films deposited on micron- and
ano-textured substrates reveals highly conformal film growth,
ndependent of the underlying surface morphology (Figure 5d ).
dditionally, Grazing-Incidence Wide-Angle X-ray Scattering
GIWAXS) measurements of both perovskite thin films show no
iscernible differences, supporting the assumption that crystal-
ization proceeds identically regardless of the underlying texture
Figure S25a,b ). 
dvanced Energy Materials, 2026
3 Conclusions 

Perovskite/silicon tandem solar cells represent one of the most
promising pathways to surpass the efficiency limits of estab-
lished photovoltaic technologies, provided that laboratory-scale
performance can be translated into industrially viable manufac-
turing processes. In this work, we demonstrate a fully scalable
deposition strategy for perovskite top solar cells that addresses
this challenge. By replacing spin-coating with dip-coating for the
deposition of self-assembled monolayer based hole-transport lay-
ers and interfacial passivation layers, we achieve perovskite solar
cells with efficiencies exceeding those of optimized spin-coated
references. Importantly, this approach enables the use of highly
effective passivation molecules that have previously been intro-
duced for spin-coating processes. We show that precise control
over solution molarity, immersion time, and processing protocols
is essential to ensure high performance and reproducibility, while
the ability to reuse self-assembled monolayer dip-coating solu-
tions across multiple batches improves material utilization and
process sustainability. When extended to larger areas, the scalable
deposition scheme results in a wide-bandgap perovskite module
(12.96 cm2 ) with a PCE of 17.8% and minimal power conversion
efficiency losses of 0.53%abs. per decade in area scaling. Integrating
these perovskite top cells with textured silicon bottom cells yields
fully scalable perovskite/silicon tandem solar cells, fabricated
using dip-coating for critical interfaces and a hybrid two-step
inkjet printing process for the perovskite absorber. This approach
achieves power conversion efficiencies exceeding 30% with stable
operation (t80 = 100 h). To the best of our knowledge, this is
the first demonstration of perovskite/silicon tandem solar cells
surpassing 30% efficiency that incorporate an inkjet printing step
in the perovskite deposition process. These results underscore
the potential of combining dip-coating and inkjet printing as
industrially compatible fabrication routes, marking a significant
step toward the scalable manufacturing of high-efficiency tandem
photovoltaics. 

4 Materials 

[2-(9H-carbazol-9-yl)ethyl]phosphonic acid (TCI, CAS: 20999-
38-6), 4-(3,6-diphenyl-9H-carbazol-9-yl)butyl)phosphonic
acid (Suzhou LiWei Tech Co., Ltd, CAS: 2814500-04-2), lead
iodide (TCI, 99.99%, trace metals basis, CAS: 10101-63-0),
formamidinium iodide (Greatcell Solar Materials, CAS: 879643-
71-7), formamidinium bromide (Dyenamo, CAS: 146958-06-7),
methylammonium chloride (Dyenamo, CAS: 593-51-1), cesium
chloride (TCI, ≥ 99.0%, CAS: 7647-17-8), fullerene-C60 (Sigma–
Aldrich, CAS: 99685-96-8), bathocuproine (Lumtec, CAS:
4733-39-5), n-butylammonium iodide (Greatcell Solar Materials,
CAS: 36945-08-1), propane-1,3-diammonium iodide (Greatcell
Solar Materials, CAS: 120675-53-8), ethanol absolute anhydrous,
≥ 99.8% (VWR Chemicals, CAS: 64-17-5), 2-propanol, ≤ 0,003%
water (VWR Chemicals, CAS: 67-63-0), methanol, anhydrous,
≥ 99.9% (VWR Chemicals, CAS: 67-56-1) 

4.1 Fabrication 

Perovskite solar cell fabrication : Single-junction perovskite solar
cells (PSCs) were fabricated on pre-patterned indium tin oxide
9 of 13
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ITO)-coated glass substrates (120 nm, 15 Ω sq− 1 , Luminescence
echnology Corp., Lumtec). The substrates were cleaned by
equential ultrasonication in acetone and isopropyl alcohol (IPA)
15 min each), dried with a nitrogen gun, and treated with oxygen
lasma (100% O2 , 15 min) to remove residual contaminants and
nhance surface wettability. For the HTL of the reference PSCs,
 2PACz solution (0.5 mg mL− 1 in ethanol) was prepared one
eek in advance and sonicated for 60 min after preparation
nd again immediately prior to use. Inside a nitrogen-filled
lovebox, 80 µL of this solution was spin-coated at 3000 rpm
1000 rpm s− 1 acceleration) for 30 s, followed by annealing at
00◦C for 10 min. To improve monolayer homogeneity, the films
ere rinsed by spin-coating ethanol under identical conditions
nd annealed again at 100◦C for 10 min. For dip-coated SAM
ormation, the solution was fabricated identically but using
ifferent molarities. Up to seven substrates were dip-coated
imultaneously in a beaker using a custom-built holder. After
eposition, the samples were annealed identically to the spin-
oated references and subsequently immersed in pure ethanol
60 s), followed by an annealing step, to remove excess molecules.
ollowing HTL formation, the substrates were transferred to a
hermal evaporation chamber, where inorganic precursor mate-
ials of CsCl (30 nm, 0.1 Å s− 1 ) and PbI2 (300 nm, 1 Å s− 1 )
ere sequentially deposited. The organic precursor ink consisted
f FAI (35.27 mg mL− 1 ), FABr (30.64 mg mL− 1 ), and MACl
9 mg mL− 1 ) dissolved in IPA, with complete dissolution assisted
y vortex mixing. This formulation corresponds to a nominal
erovskite composition of Cs0.18 FA0.63 MA0.19 Pb(I0.76 Br0.12 Cl0.12 )3 .
toichiometric calculations assumed an ABX3 lattice with PbI2
s the sole B-site source. The required molar conversion was
erived from the PbI2 density (6.16 g cm− 3 ) and the deposited
hickness of 300 nm, allowing determination of the A-site and
alide ratios from the precursor masses and molar weights. The
rganic precursor was deposited using a PiXDRO LP50 inkjet
rinter equipped with a Sapphire QS-256/10 AAA printhead
10 pL nominal drop volume). The waveform parameters (width
 µs, space 5.7 µs, level 45.88 V, rise/fall 64.7 V µs− 1 ) produced
roplets of approximately 10 pL. Prior to printing, the evaporated
norganic thin films were removed from the nitrogen atmosphere.
oth the vertical (printhead travel direction) and horizontal
perpendicular to printhead travel) step sizes were set to 8. The
rinthead remained in its native orientation throughout the
rinting process. Across multiple fabrication runs, a printing
esolution of around 800 dots per inch (DPI) yielded the best
ilm quality and device performance. After printing, the samples
ere annealed in ambient air (20◦C, 40%–45% relative humidity)
t 150◦C for 15 min to complete perovskite conversion and were
hen returned to the glovebox [ 35 ]. For surface passivation, a
 mg mL− 1 PDAI2 solution in IPA was prepared by sonication
r shaking for 24 h, while a separate 1 mg mL− 1 BAI solution
n IPA was mixed for 5 min using a vortex shaker. The two
olutions were combined and shook for an additional 5 min
rior to use. In reference PSCs, the mixture was spin-coated
nto the perovskite layer at 4000 rpm (1000 rpm s− 1 accel-
ration) for 30 s, followed by annealing at 100◦C for 5 min
o remove residual solvent. For dip-coating passivated devices,
he same custom dip-coating setup used for SAM deposition
as employed, with adjusted molarities but otherwise identical
reparation and annealing. Subsequently, the electron-transport
ayer consisting of C60 (20 nm, 0.2 Å s− 1 ) and bathocuproine
BCP, 3.5 nm, 0.2 Å s− 1 ) was thermally evaporated in sequence.
0 of 13
After evaporation, to re-expose the ITO contact excess material
was mechanically removed with a scalpel. Finally, 100 nm of
Ag was deposited at 1 Å s− 1 through a shadow mask, defining
four individual PSCs with an active area of 10.5 mm2 per
substrate. 

Perovskite module : The perovskite mini-module was fabricated
using the same fully scalable, dip-coating-based process as the
single PSCs but included three laser-scribing steps to form nine
series-connected sub-cells. The P1 scribe was applied prior to
HTL deposition, P2 before electrode formation, and P3 after
electrode deposition, following the process described by Ritzer
and Abzieher et al. [ 43 ]. 

Perovskite/silicon tandem solar cell fabrication : Commercial het-
erojunction silicon (HJT) bottom cells from Jiaxing Dazhe
Solar Energy Co., Ltd. were used as substrates for the per-
ovskite/silicon tandems (PSTs). These were based on n-type
diamond-wire-sawn monocrystalline silicon wafers (half-cut G12
format, 210 × 105 mm2 , 220 ± 2 µm thickness, 0.8 ± 0.1 Ω
cm resistivity). Wafer pretreatment involved alkaline etching to
remove saw damage, followed by surface texturing and polishing
to reduce reflectance, and RCA cleaning to eliminate residual
contamination. The heterojunction structure was formed in a
13.56 MHz PECVD system at 190◦C by depositing an intrinsic
a-Si:H passivation layer (8 ± 1 nm) on both sides, followed
by an n-type µc-SiOx :H layer (20 ± 1 nm) on the front and
a p-type µc-Si:H layer on the rear, yielding a total rear stack
thickness of 25 ± 1 nm. Transparent conductive oxide layers
were then sputtered using a rotating In2 O3 :SnO2 (99:1) ceramic
target, resulting in 100 nm ITO on the p-side and 10 nm ITO
on the n-side. Metallization was completed by screen printing
and sintering at 210 ± 5◦C. Before perovskite deposition, the
silicon solar cells were annealed at 200◦C for 20 min in a nitrogen
glovebox and dynamically spin-coated with acetone and IPA
at 2500 rpm for 30 s (1000 rpm s− 1 acceleration), followed by
drying at 100◦C for 10 min. Next, a 10 nm nickel oxide layer
was sputter-deposited from a target at 100 W using pure argon
at a pressure of 1 mTorr. Subsequently, Ph4PACz (prepared at the
same molarity as the 2PACz reference solution, but in methanol)
was deposited by dip-coating for 60 s after at least 3 h of sonication
to ensure complete dissolution. After dip-coating, the substrates
were annealed at 100◦C for 10 min, rinsed by a second dip-coating
step in pure methanol to remove excess material, and finally dried
again at 100◦C for 10 min. The perovskite absorber was then
deposited using the same hybrid two-step evaporation/inkjet-
printing process route described for the single-junction PSCs.
After crystallization, PDAI2 -BAI passivation was applied using
dip-coating. The ETL comprised 20 nm of thermally evaporated
C60 , followed by a 20 nm SnO2 layer grown by reactive ALD
using tetrakis(dimethylamino)tin(IV) and water as precursors
(TDMASn pulse 1.6 s with 12 s purge and H2 O pulse 0.1 s
with 16 s purge. N2 was used as carrier gas with 99.999%
purity). The TDMASn source was preheated to 70◦C for 1 h to
ensure stable conditions. A 45 nm indium zinc oxide (IZO) top
electrode was sputtered at 1 mTorr using 190 W power in Ar/O2 .
atmosphere. The active area (1 cm2 ) was defined using a shadow
mask. Silver front contacts (600 nm) were thermally evaporated,
incorporating six 100 µm-wide fingers extending partially into
the active region to enhance charge extraction. Finally, a 110 nm
MgF2 antireflection coating was deposited. Reported thicknesses
Advanced Energy Materials, 2026
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e reduced due to the increased surface area of the texture. 

 Characterization 

.1 JV Measurements 

he JV measurements of the single-junction PSCs were recorded
sing a xenon-lamp solar simulator (Newport Oriel Sol3A)
roviding an AM1.5G spectrum at an irradiance of 1000 W m− 2 .
he illumination intensity was calibrated with a certified silicon
eference solar cell (Newport) equipped with a KG5 filter. PSCs
ere scanned in both forward and reverse directions with a
oltage increment of 10 mV over a range of − 0.2–1.3 V at a
can rate of 0.6 V s− 1 , controlled by a Keithley 2401 source
eter. During the measurements, the sample temperature was
aintained at 25◦C using a microcontroller-regulated Peltier
tage. All PSC measurements were carried out inside a nitrogen-
illed glovebox. For PSTs, a pre-calibrated LED solar simula-
or (Sinus-70 Advanced, WAVELABS Solar Metrology Systems
mbH) was employed under ambient conditions. The voltage
ange was − 0.2–2.0 V using a Keithley 2400 unit. Long-term
PP tracking was conducted with an LED solar simulator (PR-
EDSUN-22R, PURI Materials), applying a perturb-and-observe
lgorithm. Due to the use of a multi-substrate holder and a mea-
urement position slightly off-center, the light intensity during
ong-term MPP tracking was marginally reduced. During PST
haracterization, the illuminated area was set to 1 cm2 using an
perture mask. 

.2 External Quantum Efficiency Measurements 

xternal quantum efficiency (EQE) measurements were con-
ucted using a QE-R system (RR01240806, EnliTech) under
mbient conditions. For tandem devices, sub-cell-selective char-
cterization was achieved by applying appropriate bias illumi-
ation and bias voltages. A near-infrared bias light (940 nm),
ogether with an optimized bias voltage, was used to measure the
erovskite top cell, whereas a blue bias light (450 nm) and the
orresponding bias voltage were employed for the silicon bottom
ell. The measurements were performed at a chopping frequency
f 210 Hz. 

.3 Time-Resolved Photoluminescence 
easurements 

ime-resolved photoluminescence (TRPL) measurements were
erformed on a commercial fluorescence spectrometer (Edin-
urgh Instruments FLS920) by time-correlated single-photon
ounting (TCSPC). For excitation, a 635 nm picosecond pulsed
aser (Picoquant LDH-series) operating at 50 kHz repetition
ate and a power of 1.7 µW at the sample position was used.
he laser was focused to a spot size of ∼ 0.3 mm diameter,
esulting in an excitation density of ∼ 1.5 ⋅106 photons cm− 2 . The
etection monochromator was set to 750 nm central wavelength
ith a width of 2 nm. For carrier lifetime determination the
ransients were fitted using a triple-exponential decay model and
dvanced Energy Materials, 2026
subsequently taking the amplitude averaged lifetime from the fit
results. 

5.4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was carried out with a Zeiss
LEO1530 SEM operated with an in-lens detector. Aperture sizes
between 20 and 30 µm were used, and acceleration voltages of
3–5 kV were applied. 

5.5 Kelvin Probe Force Microscopy 

Kelvin probe force microscopy (KPFM) measurements were
performed in frequency modulation (FM) mode using a Bruker
system. Images were acquired in lift-mode over an area of 500 nm
× 500 nm with a resolution of 128 × 128 pixels. The scan rate was
set to 0.2 Hz, with a tip velocity of 0.1 µm s− 1 and a lift height of
200 nm. Interleaved FM-KPFM feedback was enabled to monitor
the surface potential, and all measurements were conducted in
nitrogen atmosphere. 

5.6 Ultraviolet Photoelectron Spectroscopy 

Ultraviolet photoelectron spectroscopy (UPS) was performed
with an ESCALAB XI + instrument (Thermo Fisher), utilizing a
He(1) source (21.22 eV) under 0 V and − 5.0 V bias. 

5.7 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) was conducted using
a K-Alpha instrument (Thermo Scientific), equipped with a
monochromatic Al K αX-ray Omicron XM1000 X-ray source (hf =
1486.6 eV), referencing the binding energy scale to the C 1 s signal.

5.8 Photoluminescence & k-Mapping 

To perform photoluminescence and k-mapping measurements,
two 467 nm LED bars (LDL2-170/30-BL2, Creating Customer
Satisfaction Inc.) were used as excitation sources in a symmetrical
45◦ configuration and powered by a control unit (PD3-5024-4-
EI, Creating Customer Satisfaction Inc.). The emitted signal was
recorded using an sCMOS camera (CS2100M-USB – Quantalux
2.1 MP Monochrome sCMOS Camera, Thorlabs) equipped with
a macro zoom lens (Zoom 7000, Navitar) and operated with
an exposure time of 50 ms. To suppress detection of the exci-
tation light, a 695 nm absorptive long-pass filter (092 MRCIR
– M55.0 ×0.75, Schneider-Kreuznach) was mounted on the lens.
Spatially resolved photoluminescence ( IPL ) measurements were
conducted over an excitation intensity range ( Iexc ) of 0.005-
0.2 suns, including a background correction acquired at zero
excitation. The parameter k was determined as the exponent
obtained from fitting the power-law model 𝐼𝑃𝐿 ∼ 𝐼𝑒𝑥𝑐 

𝑘 , to the
excitation-intensity-dependent photoluminescence images on a
pixel-by-pixel basis [ 39 ]. This parameter k, also known as the
“optical ideality factor”, provides insight into the dominant
11 of 13
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ecombination mechanisms and thereby into the quality of the
hin film. 

.9 Statistical Representation 

n the boxplots, graphical elements are used to convey key sta-
istical information. The colored boxes indicate the interquartile
ange (IQR), spanning from the 25th to the 75th percentile.
hiskers extend to 1.5 times the IQR to help identify potential
utliers. The horizontal line inside the box marks the median,
hile the hollow square represents the mean. Individual data
oints, including outliers, are shown separately. 
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