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ABSTRACT: The long-term stability of more than 500 FACs
perovskite solar cells has been systematically investigated under
various conditions. We first analyze resilience to moisture and
show that with the 30 nm Al2O3 capping, we can perform long-
term tests in air and eliminate moisture-related degradation. In the
long-term MPP tracking tests, we then confirm that light is the
driving degradation contributor by performing cyclic tests and
testing under different light intensities. Visual changes of the
perovskite absorber during the testing and spatial and spectral
photoluminescence measurements reveal that phase segregation
and the perovskite/C60 interface are the main culprits for
degradation, while the perovskite degrades faster in electrically
inactive areas. We thus show that by removing bromide ions from
the FACs composition, cell stability, evaluated by the t80 lifetime, can improve 5-fold in the best case and that there is a linear
correlation between t80 time and bias voltage during stability tracking. By testing a large number of samples (>500), we show with
statistical relevance that long-term stability measurements show significantly higher spread (both batch-to-batch and intrabatch)
than J−V measurements.
KEYWORDS: perovskite solar cells, long-term stability, maximum power point tracking, moisture and light degradation,
voltage bias degradation, photoluminescence

■ INTRODUCTION
As a relatively new technology, perovskite solar cells (PSCs)
already offer an excellent power conversion efficiency (PCE) of
27% under standard test conditions (STC), similar to
conventional silicon cells.1,2 On the other hand, their long-
term stability is still the main drawback preventing perovskites
from entering the market, making stability the main focus of
research in this emerging technology. Many environmental
factors can accelerate the degradation of PSCs and thus
shorten their lifetime. The main culprits are humidity, elevated
temperature, light, and oxygen.3−5 Various methods have
already been tested to prevent their influence on the stability.
The degradation by moisture and oxygen can be efficiently
reduced by encapsulation of devices.6,7 In the best case, the
encapsulated cells performed outdoors for over a year without
noticeable long-term degradation.8 Since the encapsulation of
many devices is a time and equipment-demanding process,
other, simpler ways, such as capping, can be used.9,10 In
contrast, eliminating light and temperature stress is impossible
in a normal solar cell operation. Their induced degradation is
inevitable during in-field operation and therefore requires
detailed investigation.

The main method to investigate operational stability of
PSCs is long-term maximum power point (MPP) tracking,11

typically under constant illumination. Impressive results have

been achieved, with the record lifetimes now exceeding 1000 h
of operation12−14 before the power drops below 80% of the
initial one (t80). Still, many reports show t80 times in the range
of a few hundred hours, strongly influenced by the instability of
the perovskite absorber and its interfaces with charge-selective
layers.15 The main culprit is the perovskite’s ionic structure
with mobile ions and cations. Both halide anions (I− and Br−)
migrate under the influence of light and electric bias.16,17 This
can cause phase segregation, which limits performance,18 and
reactions with the electrode.19 Similarly, electrode materials,
gold, copper, or silver, can migrate into the perovskite
absorber, causing degradation.19,20

In a typical p−i−n cell architecture, the electron transport
layer C60 and its interface with the perovskite have been shown
to be critical factors that accelerate cell degradation and limit
its efficiency.21−23 The overall performance can be improved
with different treatments of this interface12,24 or by omitting
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the C60.
13 On the other hand, with the rise of self-assembly

molecules, the HTL/perovskite seems less of an issue.25−27

Despite significant progress in improving stability perform-
ances, often only the stability of the champion device is
reported, with only a few reports showing stability results of
more than a couple of devices.28,29 This does not reveal any
information about the reproducibility of the results or batch-
to-batch variations. Numerous devices have to be shown to
confirm the effects and reproducibility with statistical
relevance, as has become the norm for the PCE.

In this article, we thoroughly investigate the long-term
stability of more than 500 FACs perovskite solar cells. We have
systematically performed several experiments to understand
the effect of moisture and, especially, light on the degradation
of FACs PSCs. The first was evaluated by damp-heat and water
tests, and the latter was evaluated by using in-house developed
long-term MPP tracking and photoluminescence (PL)
measurement setups. We show how to reliably test perovskite
solar cells in air, determine the main causes of degradation, and
analyze intrabatch and batch-to-batch variations. With more
than 500 tested devices, this is to the best of our knowledge
from the literature one of the largest studies on perovskite solar
cell stability and its reproducibility.

■ RESULTS
In this paper, we utilized a p−i−n architecture with MeO-
2PACz as a hole-selective contact layer and C60 and SnO2 as
electron-selective contacts. The FACs perovskite used has a
composition FA0.83Cs0.17Pb(I0.83Br0.17)3 with a bandgap of 1.64
eV, and the devices are capped with a 30 nm Al2O3 layer unless
stated differently. The full solar cell layer stack is as follows:
glass|ITO|MeO-2PACz|perovskite|C60|SnO2|Cu|Al2O3. Each
substrate contains 6 devices with an active area of
approximately 0.17 cm2 each. The fabricated devices with
capping show good and reproducible PCE with a median of
16.4% from more than 1200 cells and the best cells at around
18% (Figure 1). This PCE is reached with a median VOC of
1.09 V and a fill factor (FF) of 74.5% (Figure S1).

All MPP tracking tests were carried out in air over a period
of more than one year, during which the indoor relative
humidity varied from 10% in the winter to 60% in the summer.
To ensure reliable and reproducible results of long-term MPP
tracking despite varying humidity, we have protected our

devices with a 30 nm thick Al2O3 layer deposited by atomic
layer deposition (ALD). This has significantly improved device
stability as reported in our previous work30 and enabled long-
term stability testing in air without the need for encapsulation.
In the very best case, these devices can survive more than 1000
h with little degradation (Figure S2a). However, as will be
shown later, in most of the tests, the devices have degraded
below 80% of their initial performance within approximately
200 h of MPP tracking under continuous 1-sun irradiance.
This performance loss raised the question of what the main
stressor behind the observed degradation is: moisture or light?
And what is the role of sample-to-sample variation?

Since eliminating moisture stress is preferable to eliminating
light in the case of solar cells, additional printed circuit board
(PCB) spray (Plastik 70-Kontakt Chemie) was applied by
hand for further protection. The selected PCB spray is typically
used to protect PCBs against moisture and contains PMMA
(poly(methyl methacrylate)), ethyl, and butyl acetate.31−34

Applying a spray coating is a fast, simple, and low-cost
protection method that has been proven effective for
protecting PCBs. However, due to a manual application of
spray, its thickness cannot be precisely controlled, making it
hard to repeat and control, which is the complete opposite of
the ALD. To check the suitability of the moisture-protecting
layers (Al2O3 capping and PCB spray), we have performed
water and damp-heat tests and evaluated the performance of
films and solar cells by J−V and PL quantum yield (PLQY)
measurements.

The moisture (water and damp-heat) experiments are
described in detail in Supporting Information Note 1. In
short, devices with capping and spray have survived more than
2 h dipped in water without degradation, while the capped
device survived damp-heat testing at 25 and 50 °C and 60%
rel. humidity with little degradation. Thus, moisture tests have
shown that capping the devices provides sufficient resilience to
humidity/water ingress, so we can now investigate the long-
term stability of our perovskite solar cells under illumination in
air. Testing was performed with a white LED (WLED) setup
developed in-house (Figure S2b), which enables simultaneous
testing of up to 24 substrates (144 cells) per setup under
illumination of white LEDs and different operating points.
Here, the tests were performed with devices operating in MPP
at a 1 sun equivalent light intensity and a 25 °C cell
temperature unless stated otherwise. As a figure of merit for
stability, we use the t80 time, the elapsed time until the
performance (PCE) drops below 80% of the initial value.
Devices, for which we detected contact issues or other
technical problems during the testing, were eliminated from
further analysis. With the WLED, we have tested in total more
than 500 devices. Such a large number of tested devices
provides statistical relevance to our results, going beyond
plotting only a champion device.

We started with testing whether the additional moisture
protection of the PCB spray introduces any improvements to
the long-term stability of devices. For this experiment, we
capped all of the fabricated cells and sprayed half of them. The
additional spray protection did not affect the initial PCE
(Figure S7). Two long-term tests were performed with similar
results: the additional spray coating did not noticeably change
the long-term stability. Both groups of cells exhibited an
average t80 of around 200 h in the first experiment and around
150 h in the second one (Figure 2a), indicating batch-to-batch
variation. The results also showed some spread of data, ranging

Figure 1. PCE distribution of reference FACs perovskite solar cells,
fabricated during multiple batches, and their stability tested in this
paper. Cells with a PCE below 14% have mostly been eliminated from
the stability testing results.
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from below 100 h to above 400 h in both experiments,
pointing toward intrabatch variations. This further highlights
the need to report stability results of several devices and not
just the champion device. Figure S8 shows the time dynamics
of PMPP, JMPP, and VMPP for selected cells from this test. Despite
different rates of degradation, in each cell, the degradation is
first observable in reduced JMPP, with VMPP following much
later. We also examined the dependence of t80 on the initial
PCE but saw no clear correlation between the two parameters
(Figure 2b). Since cells with a combination of both capping
layers performed best in the water test and reached similar t80
in the MPPT experiment, we hypothesize that the degradation
in our long-term stability tests mostly happens due to light and
not moisture. We have thus performed all further tests with
capping only.

This hypothesis was further confirmed by altering the
illumination conditions in two separate tests. First, in a cycling
illumination experiment, we repeatedly exposed cells to 12 h of
light and 12 h of dark. Simultaneously, we also ran a
continuous illumination test for comparison. From the t80
results, we observe approximately doubled lifetime (200 to 400
h) for the cells tested in the cyclic illumination regime (Figure
3a). This again suggests light-induced degradation as the main

degradation mechanism and not moisture, since the cumulative
exposure time to light by the time they reach t80 is the same for
both groups of cells (200 h). Furthermore, the experiment
indicates that (at least in this case) there is little recovery due
to the dark part of the cycle, contrary to what has been shown
before.35 The selected MPP tracks for both conditions are
shown in Figure S9.

Second, the cells were exposed to different light intensities,
which was achieved by covering some of the samples with a
neutral-density (ND) filter to reduce the actual light intensity
from 1-sun to 0.63 (OD02) and 0.32 (OD05) sun,
respectively. Consequently, we tested 3 different groups of
cells in the same setup at the same light intensity (before the
filters) at the same time, providing the same ambient
temperature and relative humidity. As expected, cells exposed
to the lowest light intensity exhibited the longest t80 times
(around 400 h), while reference cells (1-sun, no filter) had the
shortest t80 (below 200 h), as shown in Figure 3b.
Nevertheless, here, we did not observe a linear trend with
the illumination intensity, like in the cyclic experiment. Instead,
with an illumination of 0.32-sun, the t80 has doubled and not
tripled. Possible reasons for that are intrabatch and batch-to-
batch variations. Cells for this test were fabricated over 3

Figure 2. (a) Comparison of long-term stability of capped cells without and with PCB spray. Two experiments were conducted, first in September
2024 and second in December 2024. (b) Dependence of t80 on the initial PCE. We do not observe any clear correlation.

Figure 3. (a) t80 of solar cells exposed to continuous illumination and cyclic illumination (12 h on/12 h off). For the latter, the lifetime is
approximately doubled, which corresponds to the same illumination time of about 200 h in both cases. (b) Dependence of t80 on the illumination
intensity. Solar cells, fabricated in three batches, were covered with homogeneous ND filters that transmit 63% (OD02) and 32% (OD05) of light,
respectively. Figure S8 shows the results of each batch.
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different batches within one month, and stability, t80-wise, each
batch performed differently. At the same time, even the cells
on different substrates from the same batch and same
illumination can yield completely different t80 (see Figure
S10 and discussion at the end of the Results section for batch-
to-batch comparison). This observation highlights the need to
show results of multiple devices when discussing the stability of
perovskite solar cells, since the consistency and reproducibility
of stability results vary much more than their PCE results.

Valuable information during long-term testing was also
provided by observing the visual changes of solar cells over
time. Examples of possible visual outcomes at the end of the
test are shown in Figure 4a: (i) the copper electrode has
disappeared, (ii) degradation starts in the middle inactive area,
exhibiting yellow or (iii) orange color; (iv) degradation starts
in the inactive area between the devices under the copper
electrode, while sometimes, it also starts (v) around the active
area. Finally, (vi) ITO pattern lines often become clearly
visible, which could have an impact on (mini)module lifetime.
Finding the root causes of all these different degradation
mechanisms will be part of our future research; here, we will
focus only on two main cases: (a) in general, the degradation is
the strongest in the nonactive areas in between cells, with or
without a copper electrode, where the perovskite is in an open-
circuit (OC) condition throughout the devices’ lifetime. (b)

PL measurements in those critical areas show a very high signal
but a strong red shift of the spectra (Figure 4b), most likely
caused by phase segregation.

To observe temporal changes in the PL, we performed long-
term spatially resolved PL tracking. Samples were exposed to
continuous illumination of blue LEDs (470 nm) with an
equivalent intensity of 1-sun, kept at an OC condition, and
continuously monitored with a camera, providing spatial
information about the PL intensity. Spectral PL information
was obtained once a day with a PLQY setup. To determine
possible critical layers and interfaces, we fabricated different
layer stacks starting with only the perovskite and then layer-by-
layer building up to the full stack. In Figure 5, PL images of the
initial and the final condition are shown. At the beginning, all
films exhibited uniform PL intensity over the whole sample
area of 6.25 cm2. The PLQY is the highest when only the
perovskite is deposited (with or without Al2O3 capping) and
generally decreases with additional transport layers, as is also
true for quasi-Fermi-level splitting (QFLS). The initial
bandgap was around 1.64 eV for all samples. In the final
picture taken after 2 weeks (Figure 5b), clear inhomogeneities
appear in the bottom six samples, where C60 is deposited on
top of the perovskite. Since the PL of samples without C60
remains uniform, this indicates a negative impact of C60 and its
interface with the perovskite layer, causing cell degradation.

Figure 4. (a) Photo showing visual degradation of cells after an MPP tracking test. Different modes of degradation can be observed, as indicated by
the roman numbers and described in the text. Colored circles indicate the position of the PL measurement, and corresponding color lines are
plotted in (b).
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This is, however, not clear from the PLQY measurements
alone, since all the samples show a similar bandgap evolution
from the initial values around 1.64 eV to the final values
between 1.56 and 1.58 eV (Figure 5c) already after a couple of
days of testing and a strong PL intensity increase (Figure S11).
Interestingly, samples with ITO experience this transition 2

days later than the samples without the ITO, possibly due to
the role of the density of charge carriers and their extraction on
phase segregation.26 The drastic increase in PLQY with time
(4-fold in the case of the bare perovskite) partially
compensates for the drop in bandgap, keeping the QFLS
relatively stable during the experiment (Figure S12). The same

Figure 5. Spatially resolved PL of nine different layer stacks under blue LED light was continuously tracked with a camera. The individual samples
are labeled in the photo, starting from only the perovskite without capping, to the whole stack. (a) Photo of PL response of fresh films. (b) Photo of
PL response of aged films after 2 weeks. Layer stacks containing C60 (bottom two rows) degraded much more than films without it (first row), as
indicated by the severe inhomogeneity of the films. Integrated counts during the tracking for each sample are shown in Figure S11. (c,d) Bandgap
measurements during the experiment of samples (c) without ITO and (d) with ITO measured with a spectrally resolved PL system. MeO-2PACz
was used as the HTL and FA0.83Cs0.17Pb(I0.83Br0.17)3 as the perovskite composition (FACs). Corresponding measurements of PLQY and QFLS are
shown in Figure S12.

Figure 6. (a) t80 time from long-term MPP tracking of cells with 3 different perovskite compositions. (b) Bandgap change of the cells from the test
in (a). PL was measured in the middle (dashed line) and on the active area (full line).
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degradation at the perovskite/C60 interface also happens for
other perovskite compositions presented later in the text
(FACsI and “triple cation”, Figure S13), agreeing with previous
reports showing improvements in perovskite solar cell stability
without C60.

13 Following this, we identify the perovskite/C60
interface as the key troublemaker not only for reaching high
PCE but also for long-term stability.

The measured PL of the degraded cells shows a similar
bandgap shift (red shift >50 meV) as in the damp-heat
experiment. This again indicates phase segregation and
emphasizes the need to prevent it as well as to monitor it by
regularly acquiring PL spectra of devices. To analyze its effect
on stability, we fabricated PSCs with three different
compositions: reference FACs with an iodide to bromide
ratio of 83:17 (FACsIBr), FACs without bromide (FACsI),
and “triple cation” (3C) perovskites, also with an iodide to
bromide ratio of 83:17. Representative J−V curves of devices
with each composition are shown in Figure S14, and t80 times
are shown in Figure 6a. During MPP testing, we measured PL
(in a separate spectrally resolved setup) at two points: (i) in
the middle of the substrate between the active area (without
copper, OC condition) and (ii) on the active area (with
copper, MPP condition). Bandgap trends are shown in Figure
6b. As expected, FACsI cells without bromide retain their
initial bandgap of 1.54−1.55 eV throughout the whole
experiment (3 weeks) with little difference between the parts
with and without copper. The cells with a combination of
bromide and iodide experienced a continuous drop in bandgap
similar to that observed in previous experiments (50−80
meV), already after 1 day. Again, the bandgap drop occurs
faster and is more prominent in the middle, between the
copper stripes, where charge carriers are not extracted. Final
values for all three compositions measured in the middle
(dashed line) are practically the same, around 1.55 eV, while
the bandgap measured on the cell area of cells with bromide
(full line) is around 1.58 eV. Corresponding QFLS and PLQY
tracks are shown in Supporting Information (Figure S15).
Again, the bandgap shift is accompanied by the PL increase,
especially in the areas without copper. The PL trends are in
line with long-term stability. The more severe the bandgap

change (phase segregation), the worse the stability. Bromide-
free cells thus performed considerably better, retaining more
than 80% of the initial power for around 700 h, on average,
with the best cell exceeding 800 h. In comparison, the
corresponding time for the other two compositions that
contain both halide ions and experience phase segregation was
120 h in the case of FACsIBr and 80 h in the case of 3C
(Figure 6a). This indicates the negative impact of phase
segregation (or bromide ions) on the PSC long-term stability
and that degradation of the bromide FACsIBr is due to light
and not moisture, with Al2O3 capping providing a sufficient
barrier for long-term stability testing in air.

Since the photos in Figure 4 and measurements in Figure 6b
show faster degradation when charges are not extracted (Cu vs
middle), we conducted a long-term stability test with cells in
different operating points: open circuit (OC), short circuit
(SC, ∼0.1 V), and maximum power point (MPP) condition.
Cells that were held in either OC or SC conditions were put in
the MPP every day for approximately 1 h. This allowed us to
monitor their performance in terms of output power, including
possible stabilization time that would not occur with quick J−V
measurements. We tested the two FACs compositions from
above, with 17% bromide and without it.

Figure 7a presents cells that were held in either the OC or
SC condition. Looking solely at their tracks (see also Figure
S16 for more details), they appear stable and similar to the
MPP tracks, perhaps even with less degradation. However, as
shown by the daily 1 h MPP tracks (Figures 7b and S17), cells
that were held in OC performed much worse than those held
in SC. On average, their power fell below 80% already after 1
day of operation for FACsIBr and after 3 days for cells without
bromide, despite VOC tracks looking relatively stable. Cells of
both compositions perform much better under SC conditions,
retaining more than 80% of their initial power for about 300 h
for cells with bromide and about 400 h for cells without Br.
The devices kept in the MPP can also outperform those kept at
SC,36−38 especially if no bromide is included. Comparison of
t80 values is shown in Figure S18. Again, the performance of
cells without Br is better in all three cases; however, the
difference is not as large as in the previous test. We can see that

Figure 7. (a) VOC and JSC tracks of FACsIBr (darker full lines) and FACsI (lighter dotted lines) compositions. Six cells per condition were tested,
24 in total. The regular drops (e.g., at 24, 48, and 72 h) appear when the cells were put in the MPP for 1 h. Same tracks with more details and color
distinction are shown in Figure S16. (b) Average values of normalized power for all cells held in a certain condition. Dots represent an average for a
certain day and are connected for a better visualization of the trend.
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degradation is much faster when the charges are not extracted
from the cell and are recombined inside the perovskite
(OC).37,39 Consequently, light soaking of the devices in OC is
often used as an accelerated aging test for perovskites.
However, while we see the same trend from the MPP and
VOC tracking for both perovskite compositions, the accelerating
factor for the two compositions is different, and determining it
will require more tests.

The above operating point stability test and one of the most
peculiar MPP tracks we have recorded (Figure S19) led us to
further analyze the effect of operating voltage on the long-term
stability. The low VOC device in Figure S19 has stability-wise
significantly outperformed the devices with much better J−V
performance. Could this be connected to the voltage across the
device? We selected 4 operating points with voltages of 0.6 V,
0.8 V, 1 V, and VMPP (0.9 V) and tracked current output, while
the reference cells were held in the MPP. First, the comparison
between the MPP and constant voltage tracking at 0.9 V is
shown in Figure S20b. After conducting three tests, no (or all
of the) trends were observed; thus, we conclude that both
modes yield similar results. Second, in Figure 8, we show the

t80 times of all tested devices at different operating points.
Interestingly, cells held at 0.6 V performed the best in terms of
output current, maintaining more than 90% of the initial value
for over 900 h. The second-best performing cells were those
held at 0.8 V, where the current dropped below 80% after

about 650 h. As expected, cells held closest to a VOC (1 V)
performed the worst, retaining 80% of the initial current for
only about 150 h. Overall, we observe a clear linear correlation
between the bias voltage and t80. This would imply that the SC
condition would have much longer stability; however, our
research and that from other groups show that MPP and SC
stability are comparable. The reason behind this remains a
topic for further research. Figure S20a shows the results from
the second test with the same conditions and extended to 0.4
V. The same linear dependence on the bias voltage was again
obtained; however, the overall t80 for that test was lower in all
cases. Faster degradation at voltages above VMPP could
potentially have a significant impact on the performance of
silicon-limited perovskite/Si devices, where perovskites operate
at voltages above their own MPP due to not all carriers being
extracted. At the same time, faster degradation at higher
voltages might result in poorer long-term stability of wide-
bandgap perovskite solar cells with higher VMPP. However, in
both cases, more testing is needed to confirm the two
hypotheses.

Finally, in Figure 9, we compare the t80 times of reference
cells tested under reference conditions (1 sun, 25 °C, MPP
tracking) throughout this paper. Overall, devices were
fabricated over 16 batches and exhibit significant batch-to-
batch as well as intrabatch variation. The median t80 is 186 h
with a standard deviation of 81 h, in stark contrast to the PCE
of those devices, with a median of 16.4% and a standard
deviation of 3.6%. The t80 distribution of the devices tested
under the stated conditions is shown in Figure S21, while the
PCE distribution is shown in Figure 1. Selecting the longest
performing device could drastically alter the picture; thus,
showing the stability of multiple devices should become a
standard.

■ CONCLUSIONS
In this work, we systematically investigated the influence of
humidity and light on the stability of a perovskite solar cell. By
performing water and damp heat tests, we showed that a 30
nm thick Al2O3 capping layer sufficiently blocks moisture and
enables long-term indoor measurements in air without the
need for encapsulation. Instead, most of the degradation
during operation is caused by light.

To evaluate this, we developed a white LED long-term
stability setup in which we can set and test different operating
conditions and used t80 time as a degradation metric. The cells

Figure 8. t80 time of cells held at different voltages. The t80 time for
0.6 V was extrapolated due to the WLED system failure after 900 h.
The results of the repeated test are shown in Figure S20a.

Figure 9. Batch-to-batch variations of reference PSCs fabricated over 16 batches and tested in different experiments, described in the paper, under
reference conditions (1 sun, 25 °C, MPP tracking). Dates represent the start of the experiment, while the same colors represent the same type of
experiment: Black: Figure 3a, red: Figure 2a, blue: Figure 3b, light blue: Figure 6a, gray: Figure 7b, light gray: Figure 8.
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were first tested under continuous and cyclic illumination,
followed by a test under different light intensities. In both
experiments, we found an important role of light in cell
degradation. The t80 time under cyclic illumination doubled,
corresponding to the time the cells were exposed to light; thus,
the stability is practically the same. This indicated no recovery
during the dark part of the cycle. Under lower light intensities,
the t80 was longer; however, we do not see a linear trend
between lifetime and light intensity.

During testing, we have observed severe visual degradation
of the films. Several degradation areas and modes can be seen;
however, in general, the degradation was stronger in inactive
regions and has also expressed itself in a bandgap red shift.
Continuous long-term PL monitoring confirmed slow red
shifting of the bandgap, PL increase, and degradation at the
perovskite/C60 interface. To avoid phase segregation, devices
without bromide were tested. Indeed, the stability of the
devices without bromide improved 5-fold in the best case;
however, the perovskite/C60 remained critical.

Finally, by tracking the devices under different operating
conditions, we determine the (bias) voltage across the device
as one of the main causes of degradation. The devices degrade
the fastest under open-circuit conditions, while by reducing the
operating voltage toward 0.4 V, we observe a linear increase in
the t80 time.

In total, more than 500 devices were tested, and each test
consisted of devices from several batches. Despite the high
reproducibility of PCE results, we observe intrabatch and
especially batch-to-batch variations in stability t80 time, ranging
from below 100 to more than 500 h. This highlights that for
relevant stability results, numerous devices have to be not only
tested but also reported, as has been the case in our case. Only
then can clear and objective conclusions be drawn.

■ EXPERIMENTAL SECTION

Device Fabrication
Perovskite solar cells analyzed in this paper utilize an inverted planar
structure and have a layer configuration of glass/ITO/MeO-2PACz/
perovskite/C60/SnO2/Cu/AlOx. As a substrate, a patterned ITO-
coated glass (Automatic research, R = 15 Ω sq−1) accommodating 6
solar cells is used, with the end size of individual solar cell being about
0.17 cm2.

The substrates are first cleaned in an ultrasonic bath in a four-stage
process: acetone, mucasol (2%), deionized water, and isopropanol, 12
min each time. Between the cleaning steps, the samples are
thoroughly rinsed with deionized water. The cleaning process is
finished with a 15 min cleaning with UV light and ozone, which
removes any remaining organic material and improves the wettability
of the substrates.

The FACs (FA0.83Cs0.17Pb(I0.83Br0.17)3) perovskite solution is
prepared by mixing stock solutions of PbI2, PbBr2, and CsI with
FAI powder. All stock solutions are prepared with a molarity of 1.5 M.
Solutions of PbI2 and PbBr2 are made by dissolving the respective
salts in DMF/DMSO (4/1) solvent, while CsI is dissolved in pure
DMSO. For the hole transport layer (HTL), a monolayer MeO-
2PACz is used, which is prepared by dissolution of 1 mg in 4 mL of
ethanol.

Application of layers starts with spin coating of MeO-2PACz at
3000 rpm for 30 s, with an initial 5 s acceleration. Substrates are then
annealed at 100 °C for 10 min. Next, the layer of perovskite is spin-
coated at 4000 rpm for 35 s with an initial 5 s acceleration, followed
by another step of annealing at 100 °C for approximately 35 min.
Twenty-five seconds after the start of spin coating, the films are rinsed
with ethyl acetate as an antisolvent. A layer of C60, which serves as an

ETL, is deposited in the evaporator at a rate of around 0.1 Å/s with a
final thickness of 21 nm.

SnO2 and Al2O3 layers are deposited by the ALD tool with high
thickness precision. Twenty nm (140 cycles) of SnO2 was deposited
at 80 °C by alternatingly depositing H2O and TDMASn (Tetrakis-
(Dimethylamino)Tin) precursors. The thickness of the Al2O3 capping
layer is around 30 nm. The process is carried out at 100 °C using H2O
and TMA (trimethylamine) precursors. After SnO2 and before Al2O3,
100 nm of copper is evaporated as the top electrode.

Before spraying with a PCB plastic spray, contacts of fabricated
devices are protected by office tape to prevent an insulating layer of
spray. The tape was removed after spraying. Cells were allowed to dry
completely before further testing.
Characterization
Current−Voltage (I−V). The current−voltage curve was

measured using a Keithley 2400 Source Meter Unit in air under the
illumination of simulated AM 1.5 G solar light from a Newport solar
simulator system, class ABA. The scan rate was 0.25 V s−1 with a step
of 20 mV.
Damp Heat. Damp heat experiments were performed in an

environmental chamber from Memmert. Cells were placed on a
plastic tray with a glass side facing down. They were taken from the
chamber regularly to measure their J−V curves and PL response.
During that time, cells were exposed to ambient conditions for
approximately 1−2 h.
Stability Testing. Stability testing was performed using a custom-

built WLED setup. Illumination is provided by white LEDs (1-sun
equivalent intensity), and the samples were kept at 25 °C. The devices
(up to 144, 24 substrates with 6 devices each) were tracked using a
custom-built MPP tracking system. All measurements were performed
in air. A photo of the system is shown in Figure S2b.
Photoluminescence. Photoluminescence was measured using the

LuQY system from QYB (Quantum Yield Berlin). It automatically
determines the PLQY, bandgap, and QFLS of the tested films or
devices. For excitation, a laser with a wavelength of 532 nm was used,
while spectra were recorded with an integrating sphere and
spectrometer. Integration times ranged from 100 ms to 4 s. All
results were time-normalized.
Long-Term PL Tracking. Long-term PL tracking was performed

under 1-sun equivalent illumination with a blue LED matrix with a
peak wavelength of 470 nm. Images were captured every 5 min at a
45° angle using a Thorlabs LP126MU 12MP monochrome CMOS
camera with a later perspective correction. To avoid saturation, each
image was captured at three different exposure times (10, 50, and 100
ms) and normalized to exposure time. Unsaturated counts from the
active area were integrated to show the PL intensity in Figure S11.
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A.A. thank the Slovene research agency ARIS for funding their
PhD program. The authors thank the Helmholtz Association
for funding the bilateral project TAPAS.

■ REFERENCES
(1) Best Research-Cell Efficiency Chart | Photovoltaic Research|

NREL. https://www.nrel.gov/pv/cell-efficiency (accessed July 08,
2025).
(2) Jiang, W.; Qu, G.; Huang, X.; Chen, X.; Chi, L.; Wang, T.;

Wong, C.-T.; Lin, F. R.; Yang, C.; Jiang, Q.; Wu, S.; Zhang, J.; Jen, A.
K.-Y. Toughened Self-Assembled Monolayers for Durable Perovskite
Solar Cells. Nature 2025, 646, 95−101.
(3) Shirayama, M.; Kato, M.; Miyadera, T.; Sugita, T.; Fujiseki, T.;

Hara, S.; Kadowaki, H.; Murata, D.; Chikamatsu, M.; Fujiwara, H.
Degradation Mechanism of CH3NH3PbI3 Perovskite Materials upon
Exposure to Humid Air. J. Appl. Phys. 2016, 119 (11), 115501.
(4) Bryant, D.; Aristidou, N.; Pont, S.; Sanchez-Molina, I.;

Chotchunangatchaval, T.; Wheeler, S.; Durrant, J. R.; Haque, S. A.
Light and Oxygen Induced Degradation Limits the Operational
Stability of Methylammonium Lead Triiodide Perovskite Solar Cells.
Energy Environ. Sci. 2016, 9 (5), 1655−1660.
(5) Leijtens, T.; Bush, K.; Cheacharoen, R.; Beal, R.; Bowring, A.;

Mcgehee, M. Towards Enabling Stable Lead Halide Perovskite Solar
Cells; Interplay between Structural, Environmental, and Thermal
Stability. J. Mater. Chem. A 2017, 5, 11483.
(6) Emery, Q.; Remec, M.; Paramasivam, G.; Janke, S.; Dagar, J.;

Ulbrich, C.; Schlatmann, R.; Stannowski, B.; Unger, E.; Khenkin, M.
Encapsulation and Outdoor Testing of Perovskite Solar Cells:
Comparing Industrially Relevant Process with a Simplified Lab
Procedure. ACS Appl. Mater. Interfaces 2022, 14 (4), 5159−5167.

(7) Ma, S.; Yuan, G.; Zhang, Y.; Yang, N.; Li, Y.; Chen, Q.
Development of Encapsulation Strategies towards the Commercializa-
tion of Perovskite Solar Cells. Energy Environ. Sci. 2022, 15 (1), 13−
55.
(8) Seasonality in Perovskite Solar Cells: Insights from 4 Years of

Outdoor Data-Remec-Advanced Energy Materials; Wiley Online
Library. https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/
aenm.202501906 (accessed July 15, 2025).
(9) Choi, E. Y.; Kim, J.; Lim, S.; Han, E.; Ho-Baillie, A. W. Y.; Park,

N. Enhancing Stability for Organic-Inorganic Perovskite Solar Cells
by Atomic Layer Deposited Al2O3 Encapsulation. Sol. Energy Mater.
Sol. Cells 2018, 188, 37−45.
(10) Ramos, F. J.; Maindron, T.; Béchu, S.; Rebai, A.; Frégnaux, M.;

Bouttemy, M.; Rousset, J.; Schulz, P.; Schneider, N. Versatile
Perovskite Solar Cell Encapsulation by Low-Temperature ALD-
Al2O3 with Long-Term Stability Improvement. Sustain. Energy Fuels
2018, 2 (11), 2468−2479.
(11) Khenkin, M. V.; Katz, E. A.; Abate, A.; Bardizza, G.; Berry, J. J.;

Brabec, C.; Brunetti, F.; Bulovic,́ V.; Burlingame, Q.; Di Carlo, A.;
Cheacharoen, R.; Cheng, Y.-B.; Colsmann, A.; Cros, S.; Domanski, K.;
Dusza, M.; Fell, C. J.; Forrest, S. R.; Galagan, Y.; Di Girolamo, D.;
Grätzel, M.; Hagfeldt, A.; von Hauff, E.; Hoppe, H.; Kettle, J.; Köbler,
H.; Leite, M. S.; Liu, S.; Loo, Y. L.; Luther, J. M.; Ma, C. Q.; Madsen,
M.; Manceau, M.; Matheron, M.; McGehee, M.; Meitzner, R.;
Nazeeruddin, M. K.; Nogueira, A. F.; Odabası̧, Ç.; Osherov, A.; Park,
N. G.; Reese, M. O.; De Rossi, F.; Saliba, M.; Schubert, U. S.; Snaith,
H. J.; Stranks, S. D.; Tress, W.; Troshin, P. A.; Turkovic, V.; Veenstra,
S.; Visoly-Fisher, I.; Walsh, A.; Watson, T.; Xie, H.; Yıldırım, R.;
Zakeeruddin, S. M.; Zhu, K.; Lira-Cantu, M.; Lira-Cantu, M.
Consensus Statement for Stability Assessment and Reporting for
Perovskite Photovoltaics Based on ISOS Procedures. Nat. Energy
2020, 5 (1), 35−49.
(12) Ye, F.; Zhang, S.; Warby, J.; Wu, J.; Gutierrez-Partida, E.; Lang,

F.; Shah, S.; Saglamkaya, E.; Sun, B.; Zu, F.; Shoaee, S.; Wang, H.;
Stiller, B.; Neher, D.; Zhu, W.-H.; Stolterfoht, M.; Wu, Y. Overcoming
C60-Induced Interfacial Recombination in Inverted Perovskite Solar
Cells by Electron-Transporting Carborane. Nat. Commun. 2022, 13
(1), 7454.
(13) Gao, D.; Li, B.; Liu, Q.; Zhang, C.; Yu, Z.; Li, S.; Gong, J.;

Qian, L.; Vanin, F.; Schutt, K.; Davis, M. A.; Palmstrom, A. F.;
Harvey, S. P.; Long, N. J.; Luther, J. M.; Zeng, X. C.; Zhu, Z. Long-
Term Stability in Perovskite Solar Cells through Atomic Layer
Deposition of Tin Oxide. Science 2024, 386 (6718), 187−192.
(14) Jiang, Q.; Tong, J.; Xian, Y.; Kerner, R. A.; Dunfield, S. P.; Xiao,

C.; Scheidt, R. A.; Kuciauskas, D.; Wang, X.; Hautzinger, M. P.;
Tirawat, R.; Beard, M. C.; Fenning, D. P.; Berry, J. J.; Larson, B. W.;
Yan, Y.; Zhu, K. Surface Reaction for Efficient and Stable Inverted
Perovskite Solar Cells. Nature 2022, 611 (7935), 278−283.
(15) Zhu, H.; Teale, S.; Lintangpradipto, M. N.; Mahesh, S.; Chen,

B.; McGehee, M. D.; Sargent, E. H.; Bakr, O. M. Long-Term
Operating Stability in Perovskite Photovoltaics. Nat. Rev. Mater. 2023,
8 (9), 569−586.
(16) Kamat, P. V.; Kuno, M. Halide Ion Migration in Perovskite

Nanocrystals and Nanostructures. Acc. Chem. Res. 2021, 54 (3), 520−
531.
(17) Erdil, U.; Khenkin, M.; Remec, M.; Emery, Q.; Sudhakar, V.;

Schlatmann, R.; Abate, A.; Katz, E. A.; Ulbrich, C. Mimicking
Outdoor Ion Migration in Perovskite Solar Cells: A Forward Bias, No-
Light Accelerated Aging Approach. ACS Energy Lett. 2025, 10, 1529−
1537.
(18) Hoke, E. T.; Slotcavage, D. J.; Dohner, E. R.; Bowring, A. R.;

Karunadasa, H. I.; McGehee, M. D. Reversible Photo-Induced Trap
Formation in Mixed-Halide Hybrid Perovskites for Photovoltaics.
Chem. Sci. 2015, 6 (1), 613−617.
(19) Boyd, C. C.; Cheacharoen, R.; Bush, K. A.; Prasanna, R.;

Leijtens, T.; McGehee, M. D. Barrier Design to Prevent Metal-
Induced Degradation and Improve Thermal Stability in Perovskite
Solar Cells. ACS Energy Lett. 2018, 3 (7), 1772−1778.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c24756
ACS Appl. Mater. Interfaces 2026, 18, 3946−3955

3954

D
ow

nloaded from
 pubs.​acs.​org/​aam

ick/​article-pdf/​18/​2/​3946/​63222332/​am
5c24756.​pdf by H

ELM
H

O
LTZ ZEN

TR
U

M
 BER

LIN
 user on 17 August 2026

https://orcid.org/0000-0002-2743-113X
https://orcid.org/0000-0002-2743-113X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marko+Remec"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miha+Kikelj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arslan+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bos%CC%8Ctjan+Glaz%CC%8Car"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gas%CC%8Cper+Matic%CC%8C"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristijan+Brecl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9657-0758
https://orcid.org/0000-0002-9657-0758
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marko+Jankovec"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marko+Topic%CC%8C"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8089-2974
https://orcid.org/0000-0001-8089-2974
https://pubs.acs.org/doi/10.1021/acsami.5c24756?ref=pdf
https://www.nrel.gov/pv/cell-efficiency
https://doi.org/10.1038/s41586-025-09509-7
https://doi.org/10.1038/s41586-025-09509-7
https://doi.org/10.1063/1.4943638
https://doi.org/10.1063/1.4943638
https://doi.org/10.1039/C6EE00409A
https://doi.org/10.1039/C6EE00409A
https://doi.org/10.1039/C7TA00434F
https://doi.org/10.1039/C7TA00434F
https://doi.org/10.1039/C7TA00434F
https://doi.org/10.1021/acsami.1c14720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c14720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c14720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1EE02882K
https://doi.org/10.1039/D1EE02882K
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/aenm.202501906
https://advanced.onlinelibrary.wiley.com/doi/full/10.1002/aenm.202501906
https://doi.org/10.1016/j.solmat.2018.08.016
https://doi.org/10.1016/j.solmat.2018.08.016
https://doi.org/10.1039/C8SE00282G
https://doi.org/10.1039/C8SE00282G
https://doi.org/10.1039/C8SE00282G
https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1038/s41467-022-34203-x
https://doi.org/10.1038/s41467-022-34203-x
https://doi.org/10.1038/s41467-022-34203-x
https://doi.org/10.1126/science.adq8385
https://doi.org/10.1126/science.adq8385
https://doi.org/10.1126/science.adq8385
https://doi.org/10.1038/s41586-022-05268-x
https://doi.org/10.1038/s41586-022-05268-x
https://doi.org/10.1038/s41578-023-00582-w
https://doi.org/10.1038/s41578-023-00582-w
https://doi.org/10.1021/acs.accounts.0c00749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.5c00376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.5c00376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.5c00376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4SC03141E
https://doi.org/10.1039/C4SC03141E
https://doi.org/10.1021/acsenergylett.8b00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c24756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(20) Domanski, K.; Correa-Baena, J.-P.; Mine, N.; Nazeeruddin, M.
K.; Abate, A.; Saliba, M.; Tress, W.; Hagfeldt, A.; Grätzel, M. Not All
That Glitters Is Gold: Metal-Migration-Induced Degradation in
Perovskite Solar Cells. ACS Nano 2016, 10 (6), 6306−6314.
(21) Bastos, J. P.; Voroshazi, E.; Fron, E.; Brammertz, G.;

Vangerven, T.; Van der Auweraer, M.; Poortmans, J.; Cheyns, D.
Oxygen-Induced Degradation in C60-Based Organic Solar Cells:
Relation Between Film Properties and Device Performance. ACS Appl.
Mater. Interfaces 2016, 8 (15), 9798−9805.
(22) Stolterfoht, M.; Wolff, C. M.; Márquez, J. A.; Zhang, S.; Hages,

C. J.; Rothhardt, D.; Albrecht, S.; Burn, P. L.; Meredith, P.; Unold, T.;
Neher, D. Visualization and Suppression of Interfacial Recombination
for High-Efficiency Large-Area Pin Perovskite Solar Cells. Nat. Energy
2018, 3 (10), 847−854.
(23) Warby, J.; Zu, F.; Zeiske, S.; Gutierrez-Partida, E.; Frohloff, L.;

Kahmann, S.; Frohna, K.; Mosconi, E.; Radicchi, E.; Lang, F.; Shah,
S.; Peña-Camargo, F.; Hempel, H.; Unold, T.; Koch, N.; Armin, A.;
De Angelis, F.; Stranks, S. D.; Neher, D.; Stolterfoht, M. Under-
standing Performance Limiting Interfacial Recombination in Pin
Perovskite Solar Cells. Adv. Energy Mater. 2022, 12 (12), 2103567.
(24) Gharibzadeh, S.; Fassl, P.; Hossain, I. M.; Rohrbeck, P.;

Frericks, M.; Schmidt, M.; Duong, T.; Khan, M. R.; Abzieher, T.;
Nejand, B. A.; Schackmar, F.; Almora, O.; Feeney, T.; Singh, R.;
Fuchs, D.; Lemmer, U.; Hofmann, J. P.; Weber, S. A. L.; Paetzold, U.
W. Two Birds with One Stone: Dual Grain-Boundary and Interface
Passivation Enables > 22% Efficient Inverted Methylammonium-Free
Perovskite Solar Cells. Energy Environ. Sci. 2021, 14, 5875.
(25) Al-Ashouri, A.; Magomedov, A.; Roß, M.; Josť, M.; Talaikis, M.;
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