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ABSTRACT: Perovskite solar cells (PSCs) are expected to transform the photo-
voltaic market; however, their unproven operational stability requires urgent
attention, particularly accelerated aging tests. Currently, illumination is the primary
stressor in such tests. In this work, we present an accelerated aging procedure
consisting of prolonged forward biasing followed by a dark storage (postbias rest)
phase, conducted entirely in the dark. During aging under forward bias, ion migration
led to impeded charge transport, macroscopic defect growth, and an adverse response
of the cells to short light soaking, all of which recovered in the postbias rest phase, yet
resulted in increased recombination due to redistribution of ions. We found that
outdoor operation of PSCs in Berlin, Germany, over a 20-month period exhibited
similar dynamics, with periods of higher temperature and irradiance (spring-summer) aligning with the forward bias phase and
cooler, dimmer periods (fall−winter) aligning with the postbias rest phase. This paves the way for accelerated aging tests that
can mimic ion migration-induced degradation outdoors without requiring an illumination source.

Although perovskite-based solar cells (PSCs) achieved
high efficiency1 and promise a low levelized cost of
electricity,2 the long-term stability of PSCs is still

behind that of commercial silicon-based photovoltaic tech-
nologies.3 Conducting accelerated aging tests, where PSCs are
exposed to higher stress levels than encountered at real
operation conditions, is a common practice to quickly
investigate stability with the ultimate goal of lifetime
prediction.4 This is inevitable because investigating degrada-
tion under real operation conditions requires a significant
amount of time as the technology matures, reaching an
estimated lifetime of tens of thousands of hours.5 However,
outdoor tests remain mandatory to validate that the
degradation mechanisms and trends simulated via accelerated
aging tests are relevant to real operation conditions.6 In this
direction, the International Summit on Organic Photovoltaic
Stability (ISOS) protocols define the frameworks of both
indoor and outdoor stability tests of PSCs.7

PSCs are susceptible to various stressors and can experience
multiple degradation mechanisms,8,9 sometimes dominated by
a single mechanism10 or involving several competing ones.11

Perhaps the most common origin for a variety of degradation
mechanisms in PSCs is the migration of mobile ions, an
intrinsic phenomenon in perovskite absorber.12 The soft
perovskite structure, combined with its low defect formation
energy, readily facilitates ion migration when subjected to

stressors13 such as illumination,14−16 temperature,17 and
external bias.18,19 Given that PSCs will operate at maximum
power point (MPP), which corresponds to a forward bias,
during outdoor operation,7 mobile ions will experience an
electric field that drives their migration.20 One straightforward
way to simulate this bias condition and investigate ion
migration-induced degradation is to apply continuous forward
bias (positive voltage) in the dark, also referred to as the ISOS-
V-1 protocol.7

In this direction, Bae and colleagues found that PSCs
undergo rapid degradation due to ion migration when the
applied voltage is higher than the built-in voltage or open-
circuit voltage (VOC).21 Later, Di Girolamo et al. found that
continuous forward bias application at 1.2 V leads to
accumulation of ions at the interfaces, resulting in partial loss
of perovskite crystallinity, also referred to as perovskite
amorphization.22 Kim et al. even captured this bias-induced
amorphization in real time and demonstrated recrystallization
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when the cells thermally treated.23 In addition to migrating
across the perovskite absorber, ions have been demonstrated to
migrate laterally under forward bias over longer time scales.24

Moreover, it is equally important to consider the behavior of
PSCs during the period following the removal of stressors,
during which both reversible25,26 and irreversible processes,27

as well as additional loss mechanisms,28 have been revealed.
These insights are particularly relevant for outdoor operation,
where day/night cycles and seasonal variations play a critical
role.29 While the importance of the dark phases following
illumination has been demonstrated,30−32 a similar approach
has not been explored for voltage, particularly in combination
with outdoor tests as a validity check.

In this work, we investigated the effect of continuous
forward bias in the dark and subsequent dark storage (postbias
rest phase) on the stability of PSCs, probing the underlying
mechanisms and, most importantly, implications of the testing
sequence for outdoor tests over a period of 20 months. We
found that during aging under forward biasing, ions

accumulated and immobilized at interfaces and localized
sites, leading to impaired charge transport, macroscopic defect
growth and an unfavorable response of the cells to brief light
soaking. While these adverse effects were reversed during the
subsequent postbias rest phase, significant VOC losses emerged,
attributed to increased recombination. Above all, our findings
also revealed that this sequence of mechanisms plays a
significant role in outdoor degradation in Berlin, Germany,
where spring−summer conditions resemble the forward bias
phase, and fall−winter conditions resemble the postbias rest
phase, thereby validating the effectiveness of the testing
procedure as an alternative accelerated aging test.

We used PSCs with a layer stack of glass/ITO/2PACz/
perovskite/C60/SnO2/Cu and a cell area of 0.16 cm2 in this
study. All PSCs reported in this study were encapsulated by
sandwiching cells between two glasses with a butyl edge sealant
and polyolefin encapsulant, following the procedure described
in our previous study.33 The distribution of cell parameters for
the encapsulated PSCs reported in this study and a photograph

Figure 1. Normalized efficiency evolution of PSCs subjected to different forward bias levels in the dark: 0.4 V (n = 6), 0.8 V (n = 7), and 1.2
V (n = 9). Only PCE values obtained from forward scans are presented. Symbols and lines represent the averages, while the shaded areas
indicate the standard deviation. T80 is represented by the horizontal black dashed line. The gray arrow indicates the start of the postbias
phase, which begins once T80 is reached on average.

Figure 2. Changes in a representative cell during 1.2 V forward bias (left column) and subsequent postbias rest phases (right column). J−V
curve evolution of the cell during forward bias (a) and postbias rest (b). Only curves from forward scans are shown. See Figure S6 for both
scan directions. The 130 h curve from the forward bias phase (a) is reused in (b) as the “poststress” curve to illustrate the starting state for
the postbias rest phase. The changes are highlighted with arrows for the most affected cell parameters. Macroscopic changes are revealed by
EL images, most notably the growth of a preexisting defect (highlighted with the yellow circle on the initial image) on the cell during the
forward bias phase (c) and its return to the initial state during the postbias rest phase (d).
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of packaged cells are shown in Figures S1 and S2, respectively.
Besides providing excellent shelf life stability (see Figure S3),
enabling long-term outdoor tests, and ensuring comparability
between samples subjected to indoor and outdoor tests, the
encapsulation also excludes the adverse effects of moisture and
oxygen during indoor accelerated tests,34 which can be
exacerbated under an electric field.35 The allocation of PSCs
to aging tests in this study is shown in Table S1. Note that all
solar cell parameters obtained from current−density−voltage
(J−V) measurements presented here were recorded following a
10 min light soaking under open-circuit condition, unless
otherwise specified. This preconditioning step is necessary for
the consistent history of the cells prior to the J−V
measurements in each of the aging experiments.

To investigate the influence of forward biasing on the cells in
the dark, we randomly allocated 22 PSCs from two different
batches into three stress levels: 0.4, 0.8, and 1.2 V. A workflow

diagram of the three-stress-level aging procedure is shown in
Figure S4. Figure 1 shows the evolution of normalized PCE of
cells upon aging under these three stress levels. The cells aged
at lower stress levels exhibited only a slight decrease in
efficiency even after 1750 h of aging. Yet, the performance of
the cells aged at 1.2 V rapidly decreased and dropped below
the T80 line, which marks the time when the PCE reaches 80%
of its initial value,36 after approximately 130 h of aging on
average. After T80 was reached, the cells aged at 1.2 V were
stored in the dark, referred to as the postbias rest phase, and
further characterized during the following period. The
evolution of cell parameters for all cells subjected to the test
sequence is shown in Figure S5.

The response of a representative cell during the 1.2 V
forward bias phase and subsequent postbias rest phase is
shown in Figure 2. During forward bias phase (Figure 2a), the
short-circuit current (JSC) and shunt resistance (RSH) of the

Figure 3. Optoelectronic measurements reveal the dynamics of mobile ions during the 1.2 V forward bias (left column) and postbias rest
(right column) phases. (a, b) Normalized open-circuit voltage decay (OCVD). (c, d) Intensity-modulated photocurrent spectroscopy
(IMPS). (e, f) Impedance spectroscopy (IS). The inset figure in (f) focuses on the evolution of the transition frequency during the postbias
rest phase. The response of the mobile ions, characteristic for each measurement technique, is labeled as “ionic signature” on the initial
curve. The exposure time is marked by the given color code.
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cell dramatically decreased, whereas VOC stayed steady. During
the postbias rest phase (Figure 2b), JSC rapidly recovered, and
RSH showed partial recovery, whereas VOC gradually decreased
with prolonged postbias rest phase. Note that, at a constant J−
V scan rate maintained throughout the measurements, a slight
increase in hysteresis was observed during the forward bias
phase. This effect is reversed during the postbias phase (Figure
S6). Interestingly, we found that short 10 min light soaking
(preconditioning step before measuring the J−V) had an
increasingly detrimental temporary effect on JSC and FF. This
adverse effect of light soaking completely vanished during the
postbias rest phase (Figure S7).

This trend in cell parameters corresponded with changes
observed in the electroluminescence (EL) images (Figure
2c,d). Under forward bias, the most notable change was the
growth of a preexisting defect (likely manufacturing-related)
alongside changes at the cell edges (Figure 2c). These changes
returned to the initial state during the postbias rest phase
(Figure 2d). Previously, it has been shown that local shunts
can cause localized overheating under high reverse bias, leading
to perovskite decomposition37 or the melting of metal
electrode,19 ultimately resulting in irreversible degradation.
Given the apparently expanded size of the defect in the EL
images and tens of hours bias application, such a mechanism
would also be expected to result in irreversible degradation in
our case. However, the reversibility of changes observed in EL
image together with restored charge transport, implies that the
mechanism might be driven by a recoverable process.
Moreover, similar pre-existing defect growth was observed
under continuous illumination of 2.3 suns at open-circuit
condition (Figure S8), suggesting current flow is not necessary
to drive this effect and a different possible origin will be
discussed below. It is important to note that some cells
exposed to lower forward bias levels exhibited a similar trend
to those observed during 1.2 V forward bias, but to a lesser
extent and requiring prolonged exposure (Figure S9). This
indicates a potential acceleration of degradation with
increasing voltage, although a significantly larger sample size
would be required to validate this observation statistically.

As ion migration was considered the primary factor behind
the observed changes during 1.2 V forward bias and
subsequent postbias rest phases, we implemented the same
sequence with shorter exposure durations and conducted in
situ optoelectronic characterization at regular intervals to
further investigate the role of mobile ions. A workflow diagram
of this stress test with in situ characterization (Figure S10) and
a table (Table S2) detailing the measurement schedules are
shown in the Supporting Information. Figure 3 shows the
evolution of three transient measurements of the cell subjected
to the test sequence. For a simple overview, the three main
states of the cell, initial, at the end of the forward bias phase,
and at the end of the postbias phase, are compared in Figure
S11. The characteristic slow or low-frequency responses
(marked as “ionic signature” in each characterization method
in Figure 3) observed in these measurements have been linked
to the response of mobile ions in the perovskite,38−40 therefore
providing insights into the dynamics of mobile ions throughout
the test sequence.

In open-circuit voltage decay (OCVD), mobile ions in
perovskite cause a characteristic shoulder,38,41 where the slope
of the voltage decay changes.42 Figure 3a,b show the evolution
of normalized OCVD curves in the test sequence (OCVD
curves without normalization are provided in Figure S12).

During the forward bias phase (Figure 3a), the latest voltage
decay, which is governed by RSH,43 occurred more rapidly,
indicating a decrease in RSH. This is consistent with the
declining trend in RSH shown in Figure 2a. Most intriguingly,
the initially observed ionic signature disappeared, resembling
the simulated OCVD curves where mobile ions are completely
excluded in the perovskite layer.38 During the postbias rest
phase (Figure 3b), the ionic signature gradually reappeared,
and the latest voltage decay recovered, again consistent with
the recovery trend in RSH in Figure 2b. However, the earliest
voltage drop, related to the recombination of free charge
carriers near interfaces,38 increased. This correlates well with
the decrease in VOC shown in Figure 2b, which is also evident
in the OCVD curves in Figure S12b.

In intensity-modulated photocurrent spectroscopy (IMPS),
mobile ions in perovskite lead to a secondary peak at low
frequencies.39,44 Figure 3c,d shows the evolution of the
imaginary part of the generated photocurrent over frequency
in the test sequence. During the forward bias phase (Figure
3c), the high-frequency peak, related to charge transport,45

decreased. More importantly, the initially observed ionic
signature at low frequencies gradually disappeared, after
which the low-frequency domain corresponded to the
simulated IMPS spectra where mobile ions are absent in the
perovskite.39 During the postbias rest phase (Figure 3d), the
high-frequency peak returned to the initial state. The overall
trend in the high-frequency peak agrees with the Jsc trend
shown in Figure 2a,b. Furthermore, the vanished ionic
signature slowly re-emerged and eventually formed a well-
defined secondary peak with a higher magnitude and a shift to
lower frequency compared to the initial state. This could be
caused by changes in mobile ion density or mobility,39 traps,45

or a combination of these factors during the postbias rest
phase.

In impedance spectroscopy (IS), the abrupt increase in
capacitance at low frequencies is associated with mobile ionic
charges in PSCs.40,46 Figure 3e,f show the evolution of
capacitance over frequency in the test sequence. During the
forward bias phase (Figure 3e), the transition frequency
gradually shifted to lower frequencies. As the transition
frequency is dependent on both ion density and mobility,39

this indicates a decrease in either one or both of them. During
the postbias rest phase (Figure 3f), the transition frequency
shifted back to higher frequencies, but the slope of the
capacitance rise changed, resulting in higher capacitance at low
frequencies (Figure S11c). This aligns well with IMPS results
observed during the postbias rest phase, indicating that the
poststress state of the cell is ultimately different from its initial
state. Consequently, the signatures of different factors could be
intertwined, potentially leading to interfering effects during the
postbias phase.

Overall, the ionic signatures initially observed in each of
these measurements either disappeared or significantly
diminished during the forward bias phase, suggesting that
mobile ions became immobilized. During the subsequent
postbias rest phase, these ionic signatures either reappeared or
evolved into a state different from the initial state, which in
turn led to increased recombination, as evidenced by OCVD
measurements. In line with the literature, we attribute the
whole observation to the dynamic migration of ions. During
the forward bias phase, mobile ions migrate to the interfaces
due to the created electric field across the absorber.47

Additionally, macroscopic manufacturing defects (e.g., con-
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taminations) on perovskite/transport layer interfaces create
lateral variations in electrical potential, triggering lateral ion
migration.24 The lateral ion migration results in the observed
growth of the preexisting defect in EL images, consistent with
the findings of Jacobs and colleagues.24 Consequently,
accumulated ions can screen the electric field, thus impeding
charge transport,10,48 leading to decreases both in JSC and RSH.
In this scenario, mobile ions have minimal impact on VOC;10

instead, they can even decrease interfacial recombination rate
by reducing the minority carrier accumulation, thus increasing
VOC.49 Consequently, VOC can remain steady during the
forward bias phase (Figures 2a and S7), due to competing
effects of ion accumulation and interfacial recombination
dynamics.

As mentioned above, we observed that short light soaking
triggers a temporary decrease in JSC and FF (Figure S7) during
the forward bias phase. A comparable phenomenon was earlier
observed by Nie et al. in PSCs aged under continuous
illumination under open-circuit condition, where both
parameters showed recovery after resting in the dark.25 They
attributed the phenomenon to light-activated metastable trap
states, which they propose to originate from the formation of
small polarons. Later, Alkhalifah et al. proposed a “defect-
polaron” mechanism, in which clustered mobile defects
interact with photogenerated charge carriers and lattice,
which can lead to light-induced band bending near interfaces.50

A similar mechanism might be present in our case, further
affecting the charge carrier transport.

During the postbias rest phase, these accumulated ions
redistribute, allowing JSC and RSH to recover, along with the
reversal of observed changes in EL images. Additionally, the
adverse effect of light soaking disappears during this phase.
However, the redistribution of ions leads to a drastic drop in
VOC. At this stage, OCVD measurements reveal the
pronounced initial decay in VOC within the 1 to 10 μs regime
(Figure 3b) pointing to increased interfacial recombination.
During forward bias phase, accumulated ions may initiate
degradation at the perovskite/transport layer interfaces,51,52

and their redistribution in the postbias rest phase could lead to
emergence of detrimental electronic defects.53,54 Supporting
this hypothesis, the evolution of the J−V curve during postbias
rest phase (Figure 2b) shows good agreement with simulation
scenarios, where an injection barrier and significant interfacial
recombination are introduced to produce a similar J−V
response.55

To provide a structured overview, Table 1 summarizes the
features of the degradation process observed in the two phases
of the indoor test sequence. These features will be used to
assess the relevance of this degradation mechanism under real
world operation conditions.

We conducted outdoor tests in Berlin, Germany, where
PSCs were MPP tracked in line with ISOS-O-3 (Figure 4). A

workflow diagram of the outdoor aging procedure is shown in
Figure S13. We strongly emphasize that multiple stressors
acting simultaneously in outdoor environments are ever-
changing due to diurnal cycles, weather fluctuations and
seasonal variations. This can result in multiple coexisting
degradation mechanisms that can be active outdoors.
Consequently, achieving a direct alignment between a single
indoor test and the outdoor test is extremely challenging,
especially when investigating metastable processes caused by
ion migration. Nevertheless, the degradation pattern in the
outdoor-aged PSCs closely resembles that observed in the
indoor test sequence above, as most of the features
summarized in Table 1 are present.

We used performance ratio (PR) to monitor outdoor
performance (see Experimental Section, Supporting Informa-
tion). Figure 4a shows the normalized PR of four cells, along
with irradiance and cell temperature profiles, between
September 2021 and April 2023. All cells showed an identical
trend in outdoor performance. From September to March, the
cells exhibited a relatively stable PR, with some variability due
to heavy cloud coverage during this period, resulting in more
scattered values. This was followed by a clear increase until
July, after which the cells experienced a performance drop that
continued until stabilizing in the next fall-winter period, with
PR beginning to rise again toward April 2023. It is important
to note that changes in PR reflect not only cell degradation but
also the response to seasonally changing environmental
conditions, which is particularly pronounced in PSCs.29

These trends in PR are further corroborated by the
evolution of J−V curve parameters (Figure 4b) and EL images
(Figure 4c) of a representative cell (Cell4) obtained from
indoor measurements, where the features observed in the
indoor test sequence become evident. In general, the PCE
exhibited a trend similar to the PR. Notably, we observed a
decrease in RSH along with the distinct growth of a defect from
a pre-existing one (Figure 4c) upon outdoor operation. From
November to April, VOC only slightly decreased. From April to
July, JSC and RSH decreased while VOC increased, with the
observed defect becoming even more pronounced. After July,
all three parameters gradually declined until January, during
which the defect began to shrink. At this stage of the outdoor
test, the cell was kept indoors in the dark for 2 days
(highlighted in blue in Figure 4b,c) to further illustrate the
similarity in the degradation mechanism to that observed
during the indoor test sequence. Even though JSC did not
immediately recover, this brief storage period resulted in a
rapid shrinking of the defect and a significant drop in VOC,
whereas a slight increase in RSH, consistent with observations at
the postbias rest phase.

Upon returning the cell to outdoor operation, the VOC
increased again, and the defect started to expand, reversing the
changes that occurred during dark storage. Similarly, the cells
that went through indoor (bias/rest) test sequence also
showed VOC increase upon subsequent light soaking under sun
simulator (Figure S14). The changes in light soaking dynamics
(“fatigue effect”30,53,56) during the test sequence is discussed in
the Supporting Information, Note 1. Even though light soaking
improves the cell’s VOC following dark storage, as we
demonstrated earlier it becomes increasingly detrimental to
the cell’s JSC and FF during the forward bias phase, with this
adverse effect disappearing upon dark storage. In the outdoor
test period shown in Figure 4, we did not observe, or were not
able to capture, a significant drop in these cell parameters after

Table 1. Summary of Observed Features in the Indoor Test
Sequence for Comparison with Outdoor Aging

forward bias phase postbias rest phase

EL images growth of a pre-existing
defect

return to initial state

J−V parameters JSC and RSH decrease, VOC is
steady

JSC and RSH recover, VOC
decreases

effect of light
soaking

increasingly detrimental to
JSC and FF

detrimental effect
disappears
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10 min of light soaking in indoor J−V measurements.
However, this feature became evident after extended outdoor
aging (Figure S15), where the cell’s JSC dropped significantly
upon light soaking. After 7 days of dark storage, this adverse
effect substantially decreased, similar to the trend in the indoor
test sequence.

Overall, we observed all features from the indoor test
sequence manifested in the long term outdoor aging in Berlin,
Germany. Generally, outdoor operation of the cells during
spring−summer period (mean daily irradiance dose ∼5.1 kWh
m−2, and mean daily maximum cell temperature ∼32 °C)
approximates the forward-bias phase, whereas during fall-
winter period (mean daily irradiance dose ∼1.6 kWh m−2, and
mean daily maximum cell temperature ∼14.1 °C), the
operation more closely resembles the postbias rest phase, at
least during the first 20 months of outdoor tests.

Dark storage following outdoor aging is practical for
revealing the features of dynamic ion migration. However,
such extended outdoor aging can introduce deviations in cells
response to dark storage. In Supporting Information, Note 2,

we discuss these deviations and present another cell from a
different batch (same device stack and encapsulation) that was
subjected to outdoor aging for 25 months and showed almost
no deviation from the expected features upon dark storage
(Figure S16). This suggests that the dynamics of ion migration
also depend on the extent of overall degradation in outdoor-
aged cells. The complex interaction between degradation
mechanisms highlights the importance of distinguishing
recognizable features of each mechanism to trace their
presence and contribution to overall efficiency losses. While
likely insufficient for accurately forecasting the outdoor lifetime
of PSCs, the presented indoor test sequence here is effective at
identifying degradation effects due to dynamic ion migration,
which undoubtedly contributes to the overall outdoor
degradation and leads to peculiar features.

In conclusion, we aged PSCs under prolonged forward bias
at three stress levels in the dark and observed rapid
degradation when the applied voltage was slightly above cell
VOC (1.2 V). To capture the complete dynamics of the induced
degradation phenomena, we followed the 1.2 V forward bias

Figure 4. PSCs operated outdoors reveal features that are closely aligned with those observed in the proposed indoor test sequence. (a)
Irradiance and cell temperature profiles, along with the normalized PR of four cells, spanning from September 2021 to April 2023. (b)
Evolution of cell parameters for a representative cell (Cell4) during outdoor aging, as obtained from indoor J−V measurements at standard
test conditions (1000 W m−2, AM 1.5 Spectrum, 25 °C, under sun simulator). Only cell parameters obtained from forward scans are
presented. The shaded area depicts 2 days of dark storage indoors. (c) EL images of the cell capturing the evolution of a pre-existing defect
(highlighted with the yellow circle on the initial image) during the testing period.
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phase with a postbias rest phase, during which stress is
removed, and the cells are stored in the dark. This sequence
constitutes the aging procedure proposed in this work. We
demonstrated that dynamic ion migration is the dominant
mechanism in the test sequence, leading to the deterioration of
JSC and RSH, as well as macroscopic defect growth during the
forward bias phase. Moreover, a short light soaking causes an
additional adverse effect, further deteriorating the cells
performance due to the arrangement of ions in the forward
bias phase. In the postbias rest phase, these features
substantially recover but result in a decrease in VOC due to
increased recombination. Furthermore, we found that this
mechanism plays a key role in outdoor operation in Berlin,
Germany, with seasonal variations resembling the forward bias
and postbias rest phases in the proposed aging test and leading
to similar peculiar features. This indicates that dynamic ion
migration is governed not only by diurnal cycles but also by
seasonal variations. This insight adds a new dimension to the
accelerated aging tests of PSCs, offering a single-stress, no-light
approach to simulate dynamic ion migration-induced degra-
dation outdoors. As the mass testing of industrial-size
perovskite modules under continuous illumination would be
costly, the proposed accelerated aging approach could be an
alternative for high throughput, low-cost method to assess
module resilience against dynamic ion migration-induced
degradation modes.
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