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Perovskite photovoltaic solar cells constitute a highly promising alternative to silicon 
in applications where semi-transparent, flexible or lightweight devices are required. 
However, their long-term stability still constitutes a critical barrier to 
commercialization. This work advances the field by providing a rare long-term 
outdoor dataset, essential for validating PSCs in real-world conditions. 

A key observation from the collected data is that although the Voc profile seems to 
be constant over time for all devices, this feature is, in some cases, directly resulting 
from a S-shape formation and is therefore not representative of the real module 
performance. This is a critical issue, since previous studies on outdoor data often rely 
solely on these figures of merit (FoMs) for their first-level analysis. To solve this, two 
new FoMs are introduced here for the first time, namely S-Voc and S-FF. They have 
the triple benefit of (a) being easy to extract even in the presence of a very large 
amount of IV curves (b) enabling the quantification of the S-shape formation over 
time and (c) constituting a closer representation of the real module. These FoMs 
could therefore constitute a new fast and reliable way of identifying and studying S-
shapes in perovskite cells and modules.
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A novel way of analyzing perovskite outdoor degrada-
tion: the S-Voc

Jonathan Pariona,b,c,d, Santhosh Ramesha,c,d,e, Elias Peraticosf,g, Vasiliki Paraskevaf,g,
Matthew Nortonf,g, Maria Hadjipanayif,g, Tamara Merckxa,c,d, Aranzazu Aguirre*,a,c,d, Filip
Duerinckxa,c,d, Hariharsudan Sivaramakrishnan Radhakrishnana,c,d, Jef Poortmansa,c,d,e, Jo-
han Lauwaertb and Bart Vermanga,c,d

Perovskite mini-modules with two different electron transport layer compositions, ETL1 composed of
a thick LiF/C60/BCP stack and ETL2 with a thinner LiF/C60/LiF stack, were located and measured
outdoors for an extended period of more than three years. The analysis of the performance over time
highlights a rapid degradation in the first 90 days of exposure, followed by a stabilization. Most of
the initial degradation appears to be caused by a reduction in fill-factor (FF) while the open-circuit
voltage (Voc) remains surprisingly constant over time. The analysis of the current-voltage (IV) curves
reveals that by considering these figures of merit only, the presence of important features such as
S-shaped curves can be overlooked, which could lead to a wrong interpretation of the degradation
origin. To address this issue, two new figures of merits, S-Voc and S-FF, are introduced. The
comparison between Voc and S-Voc shows to be an efficient and reliable way to identify S-shape
formation, while enabling to quantify their contribution to performance loss. Finally, an attempt is
made at understanding the origin of degradation in the perovskite mini-modules, likely an interface
barrier formation in ETL1 samples and an increase in series resistance in ETL2 samples, possibly due
to a partial delamination of the thinner C60 layer.

1 Introduction
Perovskite solar cells are showing a rapid increase in technol-
ogy readiness level (TRL), proving to be potentially compatible
with terawatt-scale high-throughput fabrication at a reduced cost
and carbon footprint1,2. Currently, efforts are concentrated on
demonstrating the operational stability of perovskite cells and
modules in the field. Although not yet standardized, many re-
searchers use the IEC 61215 and ISOS protocols to unify and
quantify reliability testing3 and to accelerate qualification4.

Today, perovskite reliability testing faces three main challenges.
The first is the experiment duration5. It is generally addressed by
performing accelerated tests, but these remain time-consuming as

a Hasselt University, imo-imomec, Martelarenlaan 42, 3500 Hasselt, Belgium.
b Ghent University, Department of Electronics and Information Systems, Technology
Park 126, 9052 Zwijnaarde, Belgium.
c Imec, imo-imomec, Thor Park 8320, 3600 Genk, Belgium.
d EnergyVille, imo-imomec, Thor Park 8320, 3600 Genk, Belgium.
e KU Leuven, Department of Electrical Engineering, Kasteelpark Arenberg 10, 3001
Leuven, Belgium.
f PV Technology Laboratory, Department of Electrical and Computer Engineering, Uni-
versity of Cyprus, Nicosia 1678, Cyprus.
g PHAETHON Centre of Excellence (CoE) for Intelligent, Efficient and Sustainable En-
ergy Solutions, Nicosia 2109, Cyprus.
∗ Corresponding author email: aranzazu.aguirre@imec.be

degradation mechanisms become only evident after many hours.
Furthermore, while accelerated tests can provide valuable in-
sights, they are not adequate on their own to qualify modules
for commercialization, which requires data from real-life outdoor
deployment6–8. In this regard, the reduced number of studies ex-
posing perovskites to outdoor conditions often reveal that these
devices can degrade within a few months only. The second chal-
lenge in the field is the wide variety of perovskite material and
layer stack combinations. Although degradation mechanisms for
several compositions have already been identified5, they are not
yet fully understood, and lack generality as well as global consen-
sus. Finding the exact origin of the degradation therefore remains
a priority9. The third challenge involves the reproducibility of
samples. To clearly demonstrate trends in reliability studies, it is
often necessary to have a relatively high number of similarly per-
forming samples. While record stabilities are frequently reported
for minimal-sized cells coated on the same substrate, some fabri-
cation techniques still face issues with sample-to-sample repeata-
bility.

This work aims at addressing these three challenges, by com-
paring the performance evolution of two device architectures over
the course of more than three years. Perovskite mini-modules
were manufactured with a process that is both repeatable and re-
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producible up to the module level10 and placed outdoors on the
island of Cyprus. The exceptionally high amount of data recov-
ered from this analysis, over 20,000 IV curves, enables to reveal
the formation of a so-called "S-shape" for ETL1 samples and to
observe a large increase in series resistance for ETL2 samples. A
key observation is that although the Voc and FF evolution seem
to be similar for both ETL compositions, the origin of their degra-
dation is very different, as deduced from the S-shape forming in
ETL1 samples only. This is a critical issue, since studies on out-
door data often solely rely on these figures of merit (FoMs) for
their first-level analysis, which can therefore lead to wrong con-
clusions. To address this, two new FoMs are introduced in this
work, namely S-Voc and S-FF. By comparing these values to the
extracted Voc and FF, it is possible to observe the S-shape forma-
tion over time. Moreover, the absolute value of S-Voc and S-FF
enable to quantify the proportion of performance lost due to the
S-shape. These FoMs could therefore constitute a new fast and re-
liable way of identifying and studying S-shapes in perovskite cells
and modules. Finally, in the last part of this work, an attempt is
made at identifying the cause of degradation in ETL1 and ETL2
modules. Degradation in ETL1 samples is found to be related to a
barrier formation at the perovskite/electron transport layer (ETL)
interface, while in ETL2 samples it is likely caused by the partial
delamination of the C60 layer, thinner than in ETL1 samples.

2 Experimental

2.1 Device fabrication

In this study, perovskite mini-modules composed of seven mono-
lithically series interconnected cells were made, with a to-
tal aperture area of 4cm2. They are arranged in a p-i-
n device architecture, structured as follows: glass/ITO/hole
transport layer (HTL)/ perovskite/electron transport layer
(ETL)/ITO. The perovskite composition selected for this research
is FA0.8Cs0.2Pb(I0.94Br0.06)3. For the HTL, sputtered NiOx is used,
while the ETL is tested in two configurations: ETL1 composed of
LiF/C60/BCP with thickness of 0.8/40/5nm and ETL2 composed
of LiF/C60/LiF with thickness of 0.8/15/0.8nm. All test samples
are laminated using a glass/glass structure of area 10cm2, with
polyolefin (Borealis BPO8828F UV) as encapsulant material and
butyl rubber (Quanex, Solargain® Edge Tape SET LP03) as edge
sealant. This mini-module architecture was previously reported
to demonstrate high stability under indoor accelerated testing11.

2.2 Measurement conditions

When placed outdoors in Cyprus, the mini-modules were ar-
ranged in a fixed plane array. IV sweeps were recorded every
15 minutes during the measurement period, first in forward and
then in reverse direction. Between IV sweeps, the samples were
maintained in open-circuit conditions, and occasionally placed at
maximum power point (MPP), as described in previous work12.
IV parameters were extracted from both forward and reverse IV
sweeps, and an average between the two is reported for each
value. For each parameter, a daily average was computed based
on all the IV curve recorded at an irradiance ≥ 500W/m2. A
different sweep rate was used for both ETL compositions with

a value of 0.25V/s for ETL1 samples, and 0.5V/s for ETL2 sam-
ples. The faster scan rate was found to be less susceptible to
abrupt changes in weather conditions (e.g.: clouds) and became
the standard for measuring new modules after July 2022. While
it may have impacted the samples hysteresis, it is not expected to
have influenced the other figures of merit that are compared in
this study, including S-Voc and S-FF, as shown in the supplemen-
tary information Figure S1.

3 Results

3.1 Outdoor performance
Over the course of more than three years, perovskite mini-
modules were installed in Nicosia, on the island of Cyprus, to
study their outdoor stability in continuous operation. Two mod-
ules of each ETL composition were installed, exhibiting a similar
trend in their performance evolution. This work specifically an-
alyzes the longest performing module of each category, an ETL1
module tested between July 2021 and January 2024 and an ETL2
module tested between August 2022 and January 2024. As pre-
sented in Fig. 1, the average module temperature was comprised
between 30°C in the winter and 55°C in the summer.

Several trends can be identified when considering the perfor-
mance evolution of these mini-modules over time, as shown in
Fig. 1. The daily averages are reported as measurement points,
and smoothed trend lines are added for clarity in the analysis. In
the initial 90 days of outdoor exposure, a rapid degradation in
performance is observed. This “burn-in” period, visible in mod-
ules with both ETL compositions, is then followed by a relative
stabilization of the power conversion efficiency (PCE), slightly
fluctuating with seasonal changes in irradiation and temperature.
During Spring (04-07/2022 and 02-07/2023), when there is a
higher amount of sunshine but moderate temperatures, the per-
formance of the module increases, while during the rest of the
year the performance of the module decreases. As the most dra-
matic performance loss occurs during the first 90 days of outdoor
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Fig. 1 Time evolution (month-year) of the mini-modules performance
over a period of 3 years and 4 months, along with the modules temper-
ature profile during the same period.
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exposure, the discussion section focuses on identifying the under-
lying mechanisms of this initial degradation.

The daily averages for each of the mini-modules FoMs, along
with their trend lines, are presented in Fig. 2. The open-circuit
voltage (Voc) appears to be relatively stable with time, showing
maximum variations of 500mV that are due to the modules ei-
ther being connected to dynamic resistors for maximum power
point (MPP) tracking or disconnected, therefore leaving the mod-
ules at Voc. The two periods during which the ETL1 sample was
placed at MPP coincide with the dips in Voc and the peaks in
short-circuit current (Isc), visible end of 2021 and between April
and July 2022. The overall variation from the start of the mea-
surements to the final measurement days does not exceed 200mV.
Interestingly, the module with ETL2 exhibits a Voc increase of ap-
proximately 500mV during the testing period. Isc deteriorates to
about 70% of its initial value for both ETL1 and ETL2 devices,
with a significant decline occurring within the first 90 days of
exposure (Fig. 2b). The fill factor (FF) experiences total losses
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Fig. 2 IV parameter evolution over time (month-year) for the mini-
modules placed in Cyprus, reflecting the behaviour of ETL1 and ETL2
devices.

of approximately 30− 40% over the measurement period, which
significantly impacts the total performance and PCE losses. FF,
Isc and PCE experience an initial strong burn-in phase, resulting
in around 30% losses in PCE, while an additional 10% reduction
occurs over the remaining duration of the testing period. These
changes are less pronounced in the ETL2 module, where the ini-
tial burn-in leads to roughly 20% losses, with the subsequent 10%
decline manifesting on a longer timescale. While the overall per-
formance evolution seem to be similar for both ETL1 and ETL2
samples, the actual degradation cause might differ. This point is
addressed in the next section, aiming at providing more informa-
tion on the stability behaviour of both modules, while introducing
new FoMs to support their first-level analysis.

3.2 FF losses and the S-Voc

To better understand the origin of the FF and Voc behaviour, an
extensive analysis of more than 20,000 IV curves was conducted,
some of which are represented in Fig. 3. After only three months,
the ETL1 module exhibits a very pronounced S-shape, contrarily
to the ETL2 module which exhibits very little to no S-shape, there-
fore indicating a possible better tolerance to outdoor conditions.
However, the sample with ETL2 still exhibit a large reduction in
FF during the burn-in period, possibly related to an increased se-
ries resistance. The difference in hysteresis of the ETL2 module
compared to ETL1 module is attributed to a difference in sweep
rate conditions, as already mentioned in the experimental section.

As shown in Fig. 3, the IV curves for both modules evolve in a
very different way with time, the most significant difference being
the S-shape appearing in the ETL1 module. This was not possi-
ble to previously deduce from Fig. 2, where the FoMs evolution
seemed similar for both modules. In these circumstances, it could
be questioned whether, in the presence of an S-shape, Voc and
FF remain effective FoMs to accurately describe the stability evo-
lution of the perovskite modules. Indeed, only the extracted Voc

and FF are usually considered, therefore completely overlooking
the S-shape impact in the subsequent analysis of performance. To
avoid this, a new methodology is introduced to complement Voc

and FF with new "S-values", therefore enabling a quantification
of the S-shape impact on IV curves FoMs. This process involves
taking the tangent at the inflection point of the IV curve (Fig. 4a)
and extrapolating it to find the intercept with the V-axis origin to
extract a new Voc value. This new value, referred to as S-Voc, is
lower than the real Voc due to the S-shape. Based on the ob-
tained value, FF can be re-computed to obtain the so-called S-FF
as:

S-FF =
VmppImpp

S-VocIsc
with Vmpp and Impp being respectively the voltage and current
at the device maximum power point. In Fig. 4b, the interest of
these new metrics in studying the presence of S-shapes becomes
very clear. In samples with little to no S-shape such as the ETL2
sample, the value of Voc and S-Voc stay close to each other. On
the other hand, when the S-shape is more pronounced, the value
of Voc and S-Voc strongly diverge. The same is true for FF and
S-FF which are significantly different for the ETL1 sample while
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Fig. 3 Sample with (a) ETL1 and (b) ETL2 at different times of outdoor
exposure. Forward sweeps are represented with a solid line while reverse
sweeps are represented with a dashed line.

staying close for the ETL2 sample.
In the case of the ETL1 module, the value of Voc and S-Voc start

diverging during the initial burn-in period of about 90 days, to
eventually follow similar trends throughout the rest of the time
series. During the colder months, the difference between the two
values reaches its peak, while in the warmer months, this differ-
ence is at its lowest. This can be further observed in Fig. S2
(supplementary information) where the difference between Voc

and S-Voc is plotted against the temperature. As explained in the
next section, the S-shape in ETL1 is related to the formation of a
barrier at the perovskite/ETL interface. During warmer months,
more thermal energy is available for charge carriers to overcome
this barrier, which then explains the reduced S-shape and lower
difference between Voc and S-Voc during that period. The "dip"
in Voc, which is observed in the winter of 2021, is related to the
module being placed at MPP during that period, with the dynam-
ical load affecting the voltage reading. The same is true for May

2022, where the dip was removed from the trend-line in Fig.4b.
Based on a previous study in the same climate12, and as well as
our own indoor accelerated ageing results showing limited perfor-
mance variation even when devices are exposed to 85 % relative
humidity (RH) for extended periods (1000 hours, in line with IEC
61215), it is not expected that relative humidity played a signif-
icant role in the seasonal dependence of S-Voc and S-FF. Cyprus
is known for its dry climate and the exceptionally low amount of
annual precipitation. Moreover, a recent study by Remec et al.13

confirms that temperature variations play a more significant role
than RH in the seasonal behaviour of perovskite devices, includ-
ing in more humid climates. In the case of the ETL2 module, the
evolution of S-Voc follows more closely the one of Voc (Fig. 4b),
with few or no difference between both values. This coincidence
between the values of Voc and S-Voc can be interpreted as a signif-
icantly lower S-shape formation in ETL2 samples, which further
confirms what was previously anticipated. This observation sug-
gests that ETL2 may be better at mitigating the degradation mode
leading to the S-shape, compared to its ETL1 predecessor.

In ETL1 and ETL2 modules, S-FF follows a very similar trend
as S-Voc. As shown in Fig. 4b, S-FF is higher than FF in ETL1,
which confirms the significant impact of the S-shape on the FF.
The evolution of the difference between FF and S-FF also follows
a seasonal trend, where the difference is maximal during the win-
ter months (Fig. S2, supplementary information).

The difference in S-Voc and S-FF trends between ETL1 and
ETL2 samples shows that these new FoMs can provide a useful
insight on the resilience of a certain stack to S-shape formation. It
also constitutes a convenient tool to quantify this S-shape impact
on Voc and FF, while being easily applicable to large datasets such
as the ones generated from outdoor data. Nevertheless, despite
the usefulness of this indicator, more information is still needed
as to the exact origin of the outdoor degradation in ETL1 and
ETL2 modules. This point is discussed in the next section, aim-
ing at providing further insight into the cause of degradation in
perovskite mini-modules.

4 Discussion

4.1 Thermomechanical stability

The performance loss of the solar cells and modules during out-
door exposure are often attributed to the low thermomechanical
stability of the stacks and encapsulation materials, which can of-
ten be compromised by extreme temperatures. Although many
studies assess thermal stability by exposing samples to continuous
high temperatures in dark, controlled environments, the effects of
outdoor thermal and light cycling, happening in day/night cycles,
are often overlooked. Long-term outdoor data, combined with in-
door accelerated testing, including light/temperature cycles, aids
in better understanding the primary mechanisms of degradation.

Thermal stability for this specific layer stack was previously
demonstrated11, with experiments involving exposure to 85°C (in
nitrogen and darkness) resulting in minimal performance loss.
Thermal cycling experiments consisting of 250 cycles at temper-
atures of -40°C to 85°C were moreover conducted on laminated
samples, which retained 90% of their initial efficiency. Such ex-
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Fig. 4 (a) Methodology used to determine S-Voc for quantifying the
S-shape in perovskite devices. S-Voc is defined as the intercept between
the x-axis and the tangent to the IV curve inflexion point. When there
is no S-shape, Voc and S-Voc overlap. (b) S-shape evolution over time
for the ETL1 and ETL2 mini-modules. The measured Voc and FF are
represented for each module by a solid line, while the computed S-Voc
and associated S-FF are represented by a dashed line.

periments are critical, since the samples also experience daily
thermal/light cycles when exposed to outdoor conditions, irre-
versibly impacting their stability.

The thermal expansion coefficients of the various layers in the
device stack, as listed in Table 1, differ significantly between adja-
cent layers. This mismatch may generate strain, potentially lead-
ing to fractures. The fractures could occur in the perovskite bulk,
but, although strongly dependent on perovskite composition, pa-
rameters such as fracture toughness KIC, Toughness Gc and Hard-
ness H100 are generally orders of magnitude smaller than Si, for
example, from which we can conclude that the probability for in-
ternal fracture in the perovskite is lower as it is a relatively soft
material5,14,15. Fractures are more likely to occur at the inter-
faces, due to a mismatch in thermal expansion coefficients. In

Table 1 Thermal expansion coefficients (CTE) of the materials involved
in the perovskite mini-modules, as collected from the literature.

Layers stack CTE (10-60◦C) (10−6 K−1)
Glass 3.722

ITO 8.522

NiOx 1023

FACsPbI 8424

LiF 28.1−34.823

C60 6025

LiF 28.1−34.8
ITO 8.5
POE 36−11026

particular, the C60 layer was reported to be mechanically weak
and prone to easy delamination16–18. Often, the weakened C60
interface is further compromised by the sputtering damage during
the processing of the subsequent layers, such as the ITO trans-
parent electrode in the present architecture. Previous studies
have identified and addressed sputtering damage after observ-
ing S-shaped IV curves19–21. In our case however, no S-shaped
curves during IV scans performed immediately after processing
were observed, which suggests that sputtering damage is either
minimal or non-existent. The potential delamination of the C60
layer can therefore be the main reason for an increased series re-
sistance that reflects as a decreased fill factor and short circuit
current, as also previously reported in similar devices exposed to
outdoor degradation18. This is observed especially in the ETL2
module, which is made with a thinner 15nm C60 layer compared
to the 40nm C60 layer of their ETL1 counterpart. Nevertheless,
it is also possible that this delamination and increased series re-
sistance also occurs in ETL1 devices, hidden by the more pro-
nounced S-shape behaviour.

4.2 Interface barrier formation
As mentioned previously, it is very unlikely that the origin of the
S-shape in the IV characteristics is related to sputter damage that
occurred during the deposition of the ITO contact layer, since it
only starts appearing as the samples begin to degrade. Further-
more, in the case of the ETL2 sample, the S-shape tends to dis-
appear when the sample is exposed to light or elevated temper-
atures (Fig. 6). This would not occur if the S-shape originated
from sputter damage, as that damage would likely persist. Fi-
nally, the soft sputtering process (patented27) used for these cells
ensures minimal sputtering damage in the underlying layers, as
previously demonstrated10.

An alternate plausible explanation is that the observed S-shape
behavior is caused by the formation of an interface barrier. Typ-
ically, such a barrier can be related to either a band-alignment
mismatch at one of the perovskite interfaces (injection barrier)
or to a poorly conductive transport layer (extraction barrier), as
explained by Tress and Inganäs 28. By considering the normalized
IV behaviour at different illumination intensities, it is possible to
discriminate between these two phenomena. For this, simulations
using a Devsim TCAD29 model of the perovskite mini-module are
conducted. A model with electrical parameters similar to one of
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Fig. 5 Simulated and experimental IV curves of a perovskite mini-module at different illumination levels, all normalized at Jsc. (a) Simulated IV
curve of a device presenting low ETL mobility, demonstrating the behavior of an extraction barrier, (b) Simulated IV curve of a device with a band
alignment mismatch between the perovskite and ETL layer demonstrating the behavior of an injection barrier and (c) experimental IV curve taken
from a mini-module with ETL1, measured in Cyprus in September 2021.

the real experimental modules is constructed (Supporting infor-
mation, Tab. S1). To simulate the barrier, the model is first mod-
ified to include a low-mobility ETL (Fig. 5a) and is then mod-
ified again to include a barrier at the perovskite/ETL interface
(Fig. 5b). The same could be done to simulate a barrier at the
perovskite/HTL interface, but it is less likely to be causing issues
in the experimental devices, as the NiOx layer is more stable than
the C60 layer. These simulated IV curves are compared to the ex-
perimental outdoor data measured for an ETL1 sample in Septem-
ber 2021 (Fig. 5c). As illustrated in Fig. 5a, in the presence of an
extraction barrier, the normalized IV curves show significant vari-
ation at different light intensities. This is because most of the
potential drops over the low mobility transport layer, effectively
acting as the dielectric layer in a parallel-plate capacitor. As such,
the built-in electric field in the perovskite bulk is reduced, lead-
ing to a lower photo-generated current. On the contrary, in the
presence of an injection barrier (Fig. 5b), there is no screening of
the potential in the perovskite bulk, leaving the photo-generated
current unaffected. Only in the region close to Voc, an intensity-
dependent behaviour is observed, originating from the competi-
tion between the injected and generated carriers that limit the
current at high illumination intensities.

A similar analysis can be conducted on outdoor experimental
data by normalizing IV curves from the ETL1 sample measured at
various times of the day and therefore at different irradiance lev-
els. As shown in Fig. 5c, the normalized IV curves do not overlap,
indicating a very likely extraction barrier situation. In these out-
door measurement conditions, only a limited range of illumina-
tion intensities, between 0.1 and 1 sun, are measured. However,
this should be sufficient to conclude on the nature of the barrier,
as clearly highlighted in Fig. 5a and Fig. 5b. These results were
moreover also confirmed by measuring IV curves of samples with
the same layer stack under a larger span of controlled irradiance
levels, leading to the same observation after normalization of the
IV curves. It is therefore concluded that in the ETL1 device, the
apparition of an S-shaped IV curve with time is likely related to

the formation of an extraction barrier at the perovskite/ETL in-
terface.

The situation is however different in the case of the ETL2 mod-
ule, which presents a much less pronounced S-shape. There, as
shown in Fig. 6, the S-shape disappears after 1− 2 hours of out-
door illumination only, independently of the time of year. An IV
curve taken at higher irradiance level, for example around noon,
does not exhibit a more pronounced S-shape similarly to what is
supposed in Fig. 5. On the contrary, it seems that higher irradi-
ance and a more elevated temperature result in a lower or no S-
shape. Because of the reversible nature of the S-shape formation
in the ETL2 sample, it is not possible to conclude on the nature of
the interface barrier. However, this evolution of the S-shape with
time gives the impression that mobile ions might be at its origin.
As they go from a relaxed state in the dark and during the night to
another state during the day, their motion could modify the band
alignment at the perovskite/ETL interface, therefore influencing
the IV curve. It is important to note that the same phenomenon
could also be happening in the ETL1 device, but it is not visible
due to the large extraction barrier. Overall, the fact that the S-
shape is less pronounced in the ETL2 module and that it even
disappears after two hours of outdoor illumination demonstrates
the superior capabilities and performance of ETL2 compared to
ETL1, with no permanent S-shape appearing after more than 1
year of outdoor exposure.

Table 2 Summary of the major differences in ETL1 and ETL2 modules.

ETL1 ETL2
Structure LiF/C60/BCP LiF/C60/LiF
Thickness (nm) 0.8/40/5 0.8/15/0.8
S-Voc S-Voc ̸= Voc S-Voc = Voc
S-shape Permanent Time-of-day dependent
FF loss Due to S-shape Due to Rs
Plausible origin
of degradation

Extraction barrier Partial delamination

6 | 1–8Journal Name, [year], [vol.],
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Fig. 6 Normalized IV curves taken at different dates and times for sample with ETL2. The behaviour is similar for the different timestamps, with a
slight S-shape appearing in the beginning of the day when the illumination intensity is low and disappearing as the sample is exposed to light.

5 Conclusion
In this work, mini-modules with two different ETL compositions
were located and continuously measured outdoors for a period
of more than three years. This prolonged outdoor testing en-
abled highlighting an initial fast decay in performance during a
90-day "burn-in" period, followed by a seasonal slight evolution
of performance. A reduction in FF was found to be the main
reason for the initial performance loss, while the Voc either re-
mains stable or increases over the testing period. Even though
the FoMs evolution seemed similar for both ETL compositions,
it appeared clearly that the origin of degradation was different,
mainly because of the S-shape appearing in the ETL1 module. To
enable the identification and quantification of this S-shape in per-
ovskite solar modules, two new figures of merit, S-Voc and S-FF,
were introduced. They were demonstrated to be easily applicable
and reliable, even on large datasets such as generated in out-
door testing. The S-shape appearing in the ETL1 device was at-
tributed to the formation of an interface extraction barrier at the
perovskite/ETL1 interface, while the increase in series resistance
for the ETL2 device was attributed to the partial delamination
of the C60 layer due to a mismatch in thermal expansion coef-
ficients. The summary of the major differences between ETL1
and ETL2 samples is given in Tab. 2. Overall, this work pre-
sented a new methodology to characterize the long-term outdoor
behaviour of perovskite (mini-) modules and enabled to highlight
some of their main degradation pathways. This is a key step in
favouring the development of high-stability, large-area perovskite
solar modules.
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