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ABSTRACT
Self-assembled molecules (SAMs) as a molecular charge selective contact and interface with metal oxides are the new benchmark
in p-i-n devices. Yet, transparent electrode (i.e., ITO) surface preparation is often performed with established protocols that
do not exploit the full potential of self-assembly. We introduce a simple, solution-based ITO surface treatment strategy that
enables improved contact formation by simultaneously tuning surface chemistry, conductivity and homogeneity. Contrary to the
prevailing assumption that maximizing surface hydroxylation is the key for phosphonic-acid-based SAMs, we show that synthetic
design with moderate hydroxyl and hydroxide content yields more uniform and electronically favourable interfaces for SAM
anchoring. Electronically, the resulting contacts enable enhanced charge extraction, while offering improved layer homogeneity
and operational stability. The treated interfaces further demonstrate improved resilience under extreme thermal cycling between
−80◦C and 80◦C, relevant for low-earth-orbit (LEO) space operation. Importantly, we demonstrated the broad applicability of our
approach across various materials, fabrication environments, and device structures, including single junction and tandem solar
cells. These findings establish surface preparation as a design parameter on par with molecular engineering for robust perovskite
optoelectronic devices.
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Introduction

erovskite-based solar cells have reached power conversion effi-
iencies (PCEs) and industrial readiness that place interfacial
osses, rather than bulkmaterial limitations, among the dominant
ottlenecks for further performance and stability improvements
1, 2]. In p-i-n architectures in particular, SAMs have emerged
s an efficient hole-selective contact [3]. While substantial effort
as been devoted to molecular design and interfacial engineering
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited.
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ttps://doi.org/10.1002/aenm.70962
of SAMs [4–10], the preparation of the underlying metal oxide
substrates has received less attention, despite being critical for
molecular self-assembly [11, 12]. As a result, metal oxide/SAM
interfaces are often treated as chemically activated but elec-
tronically passive [13], leaving their role in charge extraction,
reproducibility and stability insufficiently understood [14, 15].

To date, few strategies have been reported to tailor ITO surface
chemistry, including hydrofluoric acid, UV ozone and rapid
its use, distribution and reproduction in any medium, provided the original work is properly
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ydroxylation etching treatments or high-powered plasma treat-
ent to etch and flatten the ITO surface [16–18]. However, these
ethods pose significant challenges in terms of reproducibility
nd scalability, as well as safety concerns. This motivates the
evelopment of alternative surface preparation strategies that
re compatible with large-area manufacturing and molecular
elf-assembly principles [19, 20].

n this work, we revisit ITO surface preparation from the perspec-
ive ofmolecular self-assembly rather than thin-film cleaning and
ctivation. The bonding of phosphonic-acid-based SAMs tometal
xides is governed not only by surface hydroxyl density but by the
hemical nature and distribution of surface oxygen species and
he Lewis acidity of the oxide. Anchoring occurs via condensation
eactions involving lattice oxygen and hydroxyl groups, enabling
ifferent binding configurations depending on surface acidity
21, 22]. As a result, variations in the relative abundance of
attice oxygen, hydroxyl and hydroxide species can strongly
nfluence SAM packing, coverage, and electronic homogeneity,
romoting either well-ordered monolayers or, under non-ideal
onditions, island growth, multilayer formation or aggregation.
hile hydroxyl groups are necessary for anchoring, an excess of
eakly boundhydroxide and adsorbedwater can impede uniform
onding. This framework suggests that a moderately hydroxy-
ated, electronically homogeneous, and sufficiently Lewis-acidic
urface may be more critical than maximising hydroxyl density
lone.

e systematically investigate the impact of ITO surface chem-
stry on SAM formation, conductivity, work function, charge
xtraction, and device performance across single-junction and
andem perovskite solar cells. In addition, we assess operational
tability using maximum power point tracking (MPPT) and
hermal cycling between −80◦C and 80◦C, representative of LEO
onditions.

Synthetic Treatment and Analysis of the Metal
xide Surface

esigning the treatment procedure (Figure 1a), we consider a
ealistic ITO crystal surface with terminal indium/tin or oxygen
toms, oxygen vacancies, hydroxyl groups, or impurity species
uch as In(OH)3, which affect the binding capabilities and reduce
onductivity (Figure 1b) [23, 24]. In our approach, we explored
urface preparation strategies for thin-film oxides, specifically
TO, guided by concepts from the field of self-assembly [25]. They
an be grouped by their primary function: (i) standard clean step
(SC-1) treatment primarily improves surface cleanliness, and
hemical and electronic homogeneity; (ii) short piranha etching
H2SO4:H2O2 4:1,≤1 min) tunes surface conductivity by oxidizing
nd removing insulating species; and (iii) thermal annealing
romotes surface rearrangement and bonding chemistry, butmay
ntroduce additional inhomogeneity if not followed by another
C-1.

e evaluated the primary effects of the surface modification
sing X-ray photoelectron spectroscopy (XPS). Since oxygen
lasma is expected to introduce more functional oxygen surface
pecies, it was chosen for all samples discussed in the main text,
hile we give the data and discussion comparing nitrogen with
of 10
oxygen plasma in Figures S1 and S2. The resulting oxygen surface
species of the four main parameter combinations SC-1, SC-1 +
ann, etch + SC-1, and etch + SC-1 + ann are shown in Figure 1c,
with fitted spectra in Figure S3. It should be noted that the peak
assignment to oxygen vacancies is currently under discussion in
the community [26], but here we followed the assignments as
done for similar works in the perovskite and self-assembly field
[18, 27, 28]. The SC-1 step reduces hydroxyls (20.3%–13.2%) and
H2O/organic oxygen (6.1%–3.9%), increases lattice oxide (48.6%–
57.6%) and does not significantly change vacancy proportions.
The etching step before SC-1 shows virtually no changes, while
adding an annealing step after SC-1 and etch + SC-1 slightly
increases the hydroxyl and vacancy proportions at the expense
of lattice oxides. Notably, the treated samples show a relatively
narrow range of oxygen species compared to the untreated Ref,
suggesting that the SC-1 chemistry converges the surface toward a
common compositional state. However, XPS reports an ensemble
average over the X-ray spot area and is thus insensitive to
the spatial distribution and local homogeneity of these species.
How these surface-averaged compositional differences translate
into nanoscale contact homogeneity and macroscopic charge
transport is explored in the following sections through single- and
multijunction solar cells, ultraviolet photoelectron spectroscopy
(UPS), conductive atomic force microscopy (cAFM), square
wave voltammetry (SWV) and time-resolved photoluminescence
(tr-PL).

3 Impact of the Surface Treatment on the
Performance of Perovskite-Based Solar Cells

We fabricated single-junction and all-perovskite tandem solar
cells to evaluate the impact of the selected ITO surface
treatment parameters. Our device architecture was Glass/ITO/
4PADCB/Cs0.05MA0.1FA0.85PbI3 (Eg = 1.55 eV)/C60/BCP/Ag. We
extracted results for Ref, SC-1 and etch + SC-1 from 4 differ-
ent batches shown in Figure 2a. Compared to the reference
samples, the median values of the short-circuit current (JSC),
the open-circuit voltage (VOC), and especially the fill factor (FF,
+5.8%) and consequently the PCE (+5.7%) could all be increased,
suggesting an improved performance of the ITO/SAM contact.
Importantly, the interquartile range (IQR) of the box plots ismuch
narrower comparing treated samples SC-1 and etch + SC-1 to
the Ref, demonstrating better homogeneity and reproducibility
between pixels. Subjecting the ITO surface to 30 s to 1 min
etching improves the JSC, VOC, FF, and thus PCE, with a narrow
distribution, while longer etching times above 2 min lead to
reduced PCEs (medians 12%–15%) and device failure through
shunting with FF medians dropping to 57.5%–66% (Figure S4).
We extracted the series and shunt resistances for these solar cells
and the improved contact and FF can be seen through decreased
series resistances (From a 1-diode model fit: 0.061 Ω/cm2 to
0.04 Ω/cm2, Ref vs. etch (30 s) + SC-1) and increased shunt
resistances (From a 1-diode model fit: 2.07 × 103 Ω/cm2 to
3.5 × 103 Ω/cm2, Ref vs. etch (30 s) + SC-1, Figure S5). Adding
the annealing Step 5, again, all yield a narrow distribution of
the solar cell parameters and reduce hysteresis, compared to the
reference, implying an improved contact (Figure S6). Notably,
while a single step of annealing or etching potentially worsens
pixel distribution, adding another SC-1 step afterwards alleviates
that, indicating that those steps promote bonding and surface
Advanced Energy Materials, 2026
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FIGURE 1 Synthetic treatment and analysis of ITO surface: (a) Surface treatment steps employed in this work. (b) Schematic of the untreated and
treated ITO surface with its surface terminations such as indium, tin, oxygen, oxygen vacancies, indium hydroxide, adsorbed water or hydroxyls. (c) XPS
atom fractions of the oxygen species H2O/organic oxygen, hydroxyl/hydroxide, oxygen deficiency and lattice oxygen for surface treatments: reference
(O2 plasma) (Ref), SC-1, SC-1 + annealing (ann), 1 min etching (etch) + SC-1 and 1 min etch + SC-1 + ann.
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earrangement, but also introduce some inhomogeneity if not
ollowed by the SC-1 step. The VOC enhancement is limited, with
he median increase around 10 mV. This could be attributed
o a slightly less defective SAM/Perovskite interface, since the
ominant proportion of defects reducing the VOC are known
o lie at the grain boundaries and the perovskite surface and
erovskite/C60 interface [29, 30]. Interestingly, when measuring
PS of ITO/4PADCB samples, we observed a work function shift
or the SC-1 sample (−-4.4 eV vs. −4.3 eV for Ref), resulting
n a 0.1 eV upward band bending towards the ITO, while the
nergy difference between the vacuum level and the valence band
aximum (EVAC—EVB) stayed the same for all samples (Figure
7). While this does not strongly influence the VOC, it improves
he hole selectivity and lowers the hole extraction barrier, which
ncreases the JSC, and slightly increases the VOC, as observed.
he enhanced FF of the devices may result from several factors,
ncluding reduced film defects such as pinholes, improved SAM
overage, enhanced crystallinity of the perovskite layers, and
ower electrical resistance at the contacts, which we discuss

ater on.

dvanced Energy Materials, 2026
To evaluate the preparedness of the ITO surface towards the
SAM layer, we compared a single and a double-step SAM coating
procedure (see methods). It can be seen, that the double-step
greatly increases the FF and VOC of the reference, albeit at the
cost of the JSC (Figure S8). For treated samples, these parameters
only increase slightly from single to double-step, implying that
the reference surface is generally more susceptible to errors in
single-step SAM depositions, and a washing step can wash away
non- or weakly-bonded SAMs [27]. Indeed it can be seen from
the XPS data for a single and double-step SAM deposition (Figure
S9), that a second SAM step increases the SAM signals for the Ref
more than for the treated samples, for example: Ref (P 2p +2.4%,
N 1s + 1%) vs. SC-1 (P 2p +1.6%, N 1s +0.8%) or SC-1 + ann + SC-
1 (P 2p +0.6%, N 1s + 0.6%), demonstrating that our treatment
lays a better foundation to achieve better SAM layers if the SAM
deposition process would be further finetuned. Lastly, we also
tested “FAPbI3” cells passivated with propane-1,3-diammonium
iodide (PDAI2) (Figure 2a). The treated samples demonstrate
better performance, with a champion PCE of 24.52% for the etch
+ SC-1 treated sample (Figure 2a), with a large increase in FF
3 of 10
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FIGURE 2 Solar cell performances: Device architecture, record JV scans, and statistical box plots of (a) "FAPbI3" solar cells, (b) wide band gap
(WBG) solar cells, and (c) all-perovskite tandem solar cells, respectively. Forward scans are given as solid and backward scans are given as dotted lines.
The table insets in the JV graphs show the performance parameters for the respective samples.
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nd, importantly, +1 mA/cm2 JSC. The large increase in JSC for
hampion pixels demonstrates the improved HTL-side contact,
hich we confirmed through external quantum efficiency (EQE)
easurements (Figure S10). The improved photocurrent from the
hort wavelength part of the spectrum below 600 nm shows that
he charges generated from the illumination side are extracted
ore efficiently than for the Ref, while the statistical box plots
n Figure S10b show the same trend as for unpassivated samples.
of 10
Next,we assessed the reproducibility of our ITO surface treatment
approach by transferring the procedure to KNU in South Korea,
where ITO substrates from a different supplier were used and
testedwith different perovskite compositions and SAMs. At KNU,
wide band gap (WBG) single junction devices were fabricated
with the architecture ITO/2PACz/MA0.4FA0.6Pb(Br0.4I0.6)3 (Eg =
1.77 eV)/C60/SnO2/Cu with ethylenediamine (EDA) passivation.
The SC-1 and etch + SC-1 treatments again yielded improved
Advanced Energy Materials, 2026
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CEs by improving the JSC and the FF. As one of the goals of
ur approach is to enhance the homogeneity of perovskite layers
n SAM contacts, we fabricated 1 cm2 solar cells and confirmed
hat the improved PCEs mainly resulted from the enhanced
F (Figure 2b; 0.094 cm2 shown in Figure S11). Furthermore,
e fabricated monolithic all-perovskite tandem solar cells with
MA0.3FA0.7)(Pb0.5Sn0.5)I3 (Eg = 1.25 eV) as the narrow band gap
NBG) composition (Figure 2c). The results demonstrate a similar
rend, especially showing significantly improved FFs, albeit
lightly lowered VOC values. The FF dominated improvement is
onsistent with the tandem cell being NBG-limited in JSC (Figure
12), where the improved JSC from the WBG cell seen in the
ingle-junction cells cannot propagate to the tandem JSC and
nstead manifests as an improved FF. This also highlights that
mproving the NBG sub-cell current and current matching in the
andem devices represents a direct path for tandem JSC gains,
articularly if the WBG front sub-cell performance is increased
s demonstrated here.

o further demonstrate the generality of our approach, we also
pplied the SC-1 and etch + SC-1 treatments to FTO substrates
s a proof of concept, observing the same trend of improved
F and narrowed device distribution (Figure S13). Overall and
mportantly, SC-1 alone already captures the majority of the
erformance and reproducibility gains, while additional etching
r annealing steps provide incremental benefits when carefully
ombined, an observation that holds across ITO and FTO sub-
trates, two labs, and multiple absorber and SAM combinations.

Analysis of the Improved Performance of the
TO/SAM Contact

nitially, we performed conductive atomic force microscopy
cAFM) measurements on bare ITO layers before and after
urface treatments, providing insights into the charge transport
t the electrode interface. The SC-1 step greatly increases both
he average and median current as well as the vertical current
omogeneity, observed through largely reduced skew and excess
urtosis (Figure 3a; Figures S14–S16). Additional prior etching
etween 1 and 3 min can improve these parameters further, due
o the removal of insulating In(OH)3 species [23], reduction of
xygen vacancies and increased lattice oxygen species (Figure 1c;
igures S1 and S2). Adding an annealing step after different
rocess combinations slightly decreases conductivity and its
omogeneity, which can be alleviated when finishing the treat-
ent on another SC-1 step (e.g., SC-1+ ann+ SC-1). Nonetheless,
ll treatments show better properties than the reference, except
or the longer etched (>5 min) or solely etched samples, since
ong exposure to piranha acid is too aggressive and will dissolve
r damage the ITO chemically, which we also encountered
hile trying to reproduce the rapid etching process (submerge in
iranha acid for 15 s at 75◦C) [18]. We confirmed that prolonged
tching increases surface roughness insignificantly (Figure S17).
his means that while etching and annealing can improve
urface properties or surface bonding character, they tend to be
ess homogeneous processes compared to the SC-1 step, where
ubstrates are submerged for 30 min, at elevated temperatures
nd under stirring. These findings agree well with the observed
olar cell performances, as the improved surface conductivity
nd homogeneity will reduce resistive transport losses of the
dvanced Energy Materials, 2026
ITO at the interface, enhance carrier transport, and potentially
suppress interfacial recombination, resulting in an increased JSC
and FF. Another reason for the observed increase in JSC has been
ruled out, as ultraviolet–visible (UV–Vis) spectroscopy did not
reveal any significant variations of transmittance or reflectance
(Figure S18).

Secondary effects of the ITO surface treatments will affect the
quality of the SAM layer, which will affect both the solar cell
performance and the stability. First, we measured XPS to assess
the microscopic coverage of the SAMs on the ITO surface.
The sensitivity-corrected integral fractions of the In 3d, Sn 3d,
O 1s, N 1s, and P 2p orbital signals give insights into the
qualitative and quantitative coverage of the SAMs (Figure 3b;
Figure S9). For all samples, the unique SAM trackers N 1s and
P 2p show relative intensities around 2% and 3%, respectively.
Treatments ending on SC-1 show comparable intensities, while
those ending on an annealing step slightly reduce the SAM
signal ratios. Interestingly, reference samples show higher N 1s
and P 2p ratios than all treated samples, although the FF in
solar cells is consistently higher for treated samples. This is an
indicator of a nonoptimal SAM layer on the reference samples,
potentially through multilayering, aggregation, or incomplete
coverage, although these scenarios cannot be unambiguously
distinguished from XPS data alone. To further analyse this, we
performed XPS and cAFM measurements on the same samples
(Figure 3a; Figures S14–S16). The vertical conductivity of the
bare ITO samples shows the same general trend as discussed
earlier, demonstrating the reproducibility of the surface treatment
results. We then measured the vertical and lateral conductivity
of the 4PADCB SAM layer of these XPS samples. Interestingly,
the Ref, the 1 min etched + SC-1, and the 1 min etched + SC-
1 + annealed samples show similar vertical SAM conductivities
(mean current), with the latter showing the highest mean and
median currents as well as the lowest excess kurtosis. For the lat-
eral SAM conductivity, the reference shows notably lower mean
currents (13.86 ± 2.215 nA) compared to all samples, with 1 min
etched + SC-1 + annealed sample showing a 10-fold increased
mean current (100.7 ± 34.91 nA) combined with the lowest
excess kurtosis for all samples (Figure S14). Enhanced lateral
conductivity in the SAM layer likely enables more uniform hole
injection across the interface, reducing local current bottlenecks
and contact resistance, which manifests through increased FFs
and the observed pixel homogeneity. Furthermore, the O 1s
peak of the reference shows a much larger hydroxyl/hydroxide
contribution than the rest, implying a large amount of unbound
phosphonic acid groups (Figure S3a). This could lead to the
observed very low lateral SAM conductivities, due to suboptimal
SAM layer packing/neighboring, and aggregation. Furthermore,
the best performing sample (1min etched+ SC-1+ ann) shows the
lowest N 1s and P 2p ratio, suggesting that effective electronic cou-
pling and bonding configuration, rather than nominal molecular
coverage alone, governs contact performance. Interestingly, we
notice a similar behaviour when measuring UPS on Glass/SAM
areas (i.e., D without the ITO layer), for which the etch + SC-1
samplewas the only one conductive enough to bemeasuredwith-
out surface charging (Figure S19). This phenomenon of increased
lateral SAM conductivity might originate from denser binding of
the SAM layer or different head-group alignment of the 4PADCB
molecules, which could enable improved electronic coupling
between neighboring aromatic systems. Correlating the XPS and
5 of 10
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FIGURE 3 Performance analysis of ITO/SAM/Perovskite contact: (a) cAFM topology (orange mapping) overlain with vertical current (blue
mapping) of Ref and 3 min etched + SC-1 treated ITO, and lateral current (blue mapping) of Ref and 1 min etch + SC-1 + ann ITO with a 4PADCB
SAM layer. (b) XPS atomic fractions of phosphorus, nitrogen, oxygen, tin and indium atoms for different surface treatments. (c) PL differential lifetimes
of ITO/SAM/Perovskite samples.
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AFM results, i.e., decreased SAM surface signal but increased
onductivity of treated samples, we conclude that the SAM layer
n the reference might be agglomerated or multi-layered, while
he treated samples lead to an optimal coverage of the SAM
ayer. To assess the quantitative and qualitative electroactive
urface coverage of 4PADCB, we performed SWV. The net SWV
eak current ΔIp of the first scan, normalized to the electrode
rea, yields the electroactive coverage Γ (Figure S20). The etch
SC-1 yields the highest electroactive coverage (Γ = 4.33 × 1013
olecules/cm2), followed by Ref (Γ = 3.13 × 1013 molecules/cm2)
nd SC-1 (Γ = 2.70 × 1013 molecules/cm2), comparable to other
eports [31, 32]. Importantly, SC-1 and etch + SC-1 oxidize at Ep
0.666 V and 0.674 V, respectively vs. Fc/Fc+, 47 and 39 mV

ower than the Ref at 0.713 V. This indicates a better electronic
oupling of the 4PADCB molecules to the ITO surface, as a
ower oxidation potential for a surface-confined species reflects
reduced charge-transfer barrier arising from stronger orbital
verlap and better electronic contact between the molecule and
he ITO electrode. Secondly, the larger ΔIp decay of −67% from
irst to second scan for etch + SC-1, vs. −43% for Ref reflects a
of 10
denser, electrochemicallymore accessiblemonolayer, rather than
the agglomeration or electrochemically inaccessible multilayer
[32], where molecules buried beneath the outermost layer are
shielded from the electrolyte and cannot efficiently exchange
charge with the electrode, and are therefore consumed only grad-
ually across successive scans, as also inferred from our XPS and
cAFM findings, providing evidence of a more uniformly bound
4PADCB layer, consistent with the improved charge extraction
and FF observed in the devices. While measuring the thickness
of a SAM layer on an ITO surface is quite challenging, we used
the dependence between the morphology of the sample and the
inelastically scattered electrons that compose the background of
XPS spectra (Figure S21). Modelling the background of Ref, SC-
1, etch + SC-1 samples, we estimated a thickness of 1.2 ± 0.2 nm
with a tendency of the sample to be thinner when treated, in
agreement with the previous statement that the Ref layer might
not be optimal. The 1.2 nm thickness is in the mono- to bilayer
range for the size of a 4PADCB molecule. Here, it is noteworthy
that the orientation of the dibenzo carbazole moiety or head
group has a big influence on the height or cross-section of
Advanced Energy Materials, 2026
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he SAM layer. Thus, the treated samples have either reduced
AM layer thickness or different SAM molecule orientation
Figure S21).

o further prove that the contact between ITO/SAM/Perovskite
s improved compared to the reference treatment, we measured
ime-resolved PL. The differential lifetimes from the time-
esolved PL confirm this, showing a faster charge extraction
or treated samples and better saturation for the etch + SC-1
ample, consistent with reduced interfacial non-radiative losses
Figure 3c). This is supported by the previously mentioned
and bending and change of work function for the SC-1 sample
Figure S7), improving hole selectivity and extraction, leading
o improved FFs observed in the solar cells. Structural analysis
hrough X-ray diffraction (XRD) and grazing-incidence wide-
ngle X-ray scattering (GIWAXS) showed no notable differences
n perovskite layer crystal quality (Figures S22–S24). To track
hanges in crystal morphology, we performed scanning electron
icroscopy (SEM) of cross sections (Figures S25–S27). The
istribution shows that SC-1 and 1 min etched + SC-1 treated
amples lead to perovskite films with larger average grain sizes
nd better grain size distribution, aswell as amore ideal columnar
rowth, i.e., grains showing mostly two neighboring grains in
he cross-sectional micrograph (Table S2). This agrees well with
he hypothesis and the up to this point presented data, that the
AM layer for treated samples is more ordered, better bonded and
ess agglomerated/multi-layered. This observation is consistent
ith the hypothesis that a more ordered and homogeneous SAM
ayer suppresses heterogeneous nucleation, although alternative
actors such as surface energy and dipole effects may also
ontribute [33].

Stability Assessments

e first assessed the stability by examining the endurance of the
urface treatment on the treated ITO substrates over time. The
reated substrates were stored in a nitrogen-filled glove box for
period of 18 days, after which they were retrieved and used
or the standard device fabrication process. For fresh substrates,
he treated outperform the reference in absolute values and
istribution (Figures S28 and S29). Not surprisingly, the devices
ased on the stored ITO substrates show strongly decreased
erformances compared to fresh, in-batch references. However,
he etch and SC-1-treated samples with annealing steps could
till produce similar performance. These results demonstrate
hat our synthetic design exhibits excellent stability and is
ell-suited for storage and handling in industrial processing
nvironments.

ext, we assessed the impact of our surface treatment approach
n the stability of the solar cells using MPPT. The “FAPbI3”
olar cells were encapsulated with thin glass slides and space-
rade silicone-based encapsulant. MPPT measurements were
onducted under equivalent 1-sun illumination at room temper-
ture and self-heating (45◦C) of the devices in a nitrogen-filled
lovebox (Figure S30a). After a short burn-in effect, all samples
egrade at a comparable rate up to 300 h of testing, retaining 93%
f the initial PCE, confirming both the stability of our space-grade
ncapsulation for the thermal cycling and the inherent stability of
ur treatments.
dvanced Energy Materials, 2026
For WBG devices, MPPT measurements were conducted on both
encapsulated and unencapsulated cells, under equivalent 1-sun
illumination and ambient atmosphere at room temperature and
self-heating (45◦C) of the devices. For unencapsulated cells, the
SC-1 and etch + SC-1 treatments nearly doubled the T80 lifetime,
from 106 h of theRef to 185 h and 162 h, respectively (Figure S30b).
The encapsulated cells show a similar trend, with T80 lifetimes
of 195, 221, and 221 h for Ref, SC-1 and etch + SC-1 treatments,
respectively (Figure S30c). The similarity of these lifetimes comes
because even the unencapsulated WBG devices have an atomic
layer deposition (ALD) SnO2 layer, basically encapsulating the
perovskite surface. The faster degradation observed in WBG cells
is likely related to the mechanism of halide segregation, as well
documented in the literature [34].

We further evaluated the impact of our synthetic design on
the ITO/perovskite interface under different stress conditions,
including extreme temperature cycling, providing evidence for
reinforced interfacial contacts. The perovskite layer and glass
substrate have significantly different coefficients of thermal
expansion, so deviations from room temperature induce strain
at the interfaces. This becomes particularly critical for LEO
applications, where perovskite photovoltaic arrays are exposed to
large temperature variations during hot periods (sun exposure)
and cold periods (Earth shading). To mimic these conditions,
we selected a temperature range of –80◦C to +80◦C with a full
cycle length of ∼20 min and with 8◦C/min heating and cooling
rates. The normalized data shown in Figure 4a, with temperature
cycles in Figure 4b and Figure S31, demonstrates that treated
samples retain their initial PCE better than the reference and
that the biggest change happens after the initial cycles. The
biggest loss comes from reduced FFs, while the JSC and VOC are
mostly unaffected, pointing towards ionmigration and interfacial
charge trapping or reversible interface rearrangement. Due to the
moderate cycle rates and no long duration at extremes, perovskite
bulk degradation is unlikely to be the dominantmechanism, since
no side-phases or colour changes were observed. Thermal cycling
can even be beneficial for bulk healing, and the cycling rates and
durations are known to influence the degradation mechanisms
primarily, and secondarily to the temperature range [35, 36].
Slow rates and long durations affect the perovskite bulk most
adversely, while fast rates and short durations tend to affect the
interfaces. Since the JV curves do not exhibit an S-shape, ion
migration or interfacial accumulation is moderate (Figure S32).
Two key observations are that (i) only the reference drops in
VOC after the first 4 cycles, and (ii) the JV hysteresis (FF) flips
direction only for the treated samples after the thermal cycling.
The drop in VOC of the reference, which recovers later, indicates
a reversible change such as ion/SAM redistribution or deep
trap state filling. Permanent damage, such as microcracking or
partial delamination, can be excluded since they are irreversible
processes, and all cells mostly recover after storage for 3 days
after the thermal cycling experiment (Figure 4; Figures S32–
S34). This is supported by the fact that the main loss stems from
the FF, which is usually caused by ion/charge accumulation
at interfaces/contacts, which decreases charge extraction and
increases series resistance. The hypothesis is supported by the
previously discussed data showing a better contact for the treated
samples due to potentially better bonding of SAM to ITO, reduced
multilayering or agglomeration, or better SAM orientation, and
the increased charge extraction capability. The second important
7 of 10
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FIGURE 4 Thermal Cycling stability of "FAPbI3" solar cells: (a) Normalized solar cell parameters (AM1.5G) of reference, SC-1, etch + SC-1, SC-1 +
ann + SC-1 and etch + SC-1 + ann + SC-1 samples measured before and after 4, 8, 12, 16 cycles and after 3 days storage (green columns). (b) Temperature
time plot of the thermal cycling the solar cells were subjected to, over 16 cycles. (c) JV scans of the best reference and (d) etch + SC-1 + ann + SC-1 pixel
with the hysteresis factor of the FF.
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bservation of the JV hysteresis direction flip after the first cycles
or the treated samples indicates a change of the dominant
ontribution to the hysteresis (Figure 4c,d; Figures S32–S34).
nverted hysteresis (forward scan FF < reverse scan FF) is
bserved for the reference throughout all measurements, but
or treated samples only at the start. After 4 cycles, the treated
of 10
samples show negligible hysteresis and then flip to a normal
hysteresis (forward scan FF > reverse scan FF). Since the ITO
surface treatments are the only differences between all samples
and we did not passivate the perovskite surface before C60, it is
plausible that the less defected ITO/SAM/perovskite interface of
the treated samples undergoes interfacial rearrangement toward
Advanced Energy Materials, 2026
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lower-energy configuration or defect filled/rearranged state
hrough the thermal energy supplied after the initial cycles,
etting ETL-side defects and charge trapping dominate the J–V
can eventually, while the reference remains dominated by HTL-
ide limitations. This would align with the presented evidence
f an inferior ITO/SAM/perovskite contact for the reference
ompared to the treated samples. We expect that the mechanism
f this different behaviour can be elucidated in the future through
ystematic analysis.

Conclusions

n this work, we demonstrated that the performance and sta-
ility of SAM-based contacts in perovskite solar cells can be
ubstantially improved by re-examining and optimizing the
reparation of the underlying metal oxide substrate. Simple
hemical treatments using piranha acid and SC-1 solution
ystematically enhance ITO surface conductivity, homogeneity,
nd chemical composition, thereby enabling more ordered and
lectronically favourable SAM layers. These improved interfaces
ranslate into higher fill factors, reduced device variations,
nd enhanced operational stability across multiple SAMs, per-
vskite compositions, and device architectures. Beyond improved
CE of solar cells, the treated interfaces exhibit enhanced
esilience under prolongedMPPT operation and extreme thermal
ycling, highlighting their relevance for demanding environ-
ents such as space applications. Importantly, the approach
s scalable, reproducible, and compatible with existing fab-
ication workflows, making it attractive for both industrial
mplementation and broader optoelectronic applications. More
enerally, our findings underscore that metal oxide/SAM inter-
aces must be considered as coupled chemical and electronic
ystems, where optimal performance arises from a balanced
nterplay of surface chemistry, bonding configuration, and
harge transport rather than from any single surface parameter
lone.
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