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Seasonality in Perovskite Solar Cells: Insights from 4 Years

of Outdoor Data

Marko Remec, Mark Khenkin,* Ulas Erdil, Quiterie Emery, Gopinath Paramasivam,
Eva Unger, Rutger Schlatmann, Steve Albrecht, Marko Topic,* and Carolin Ulbrich

Insights are reported from a 4-year outdoor study in Berlin using encapsulated
p—i—n perovskite solar cells with the structure ITO | 2PACz |

Cs.15FAq 35 Pbl, 55 Brg 45 (bandgap of 1.65 eV) | C¢, | SnO, | Cu. Peak summer
performance showed little to no degradation during the first two summers
and only ~2% absolute drop in outdoor power conversion efficiency from the
first to fourth summer. Despite good stability, the devices exhibit significant
seasonality, with winter performance up to 30% lower than in summer during
the first year, increasing with aging. The factors contributing to this
seasonality are separated into four categories: I) solar spectrum, 1) device
temperature, 111) maximum power point tracking losses, and IV) metastability
effects. Among these, metastability — particularly light-soaking behavior — is
the largest contributing factor that sets perovskite technology apart from
conventional photovoltaics. It was found that in cold, low-light winter
conditions, voltage gains from light-soaking remain unsaturated, leading to
reduced performance. Full saturation requires more than 24 h of continuous
illumination, indicating that device performance depends on more than a
single diurnal cycle. This comprehensive analysis highlights the complexity of
seasonal behavior and the importance of long-term, real-world testing for
accurate forecasting of perovskite photovoltaic energy yield.

upscaling and improving stability.?] On
the path to perovskite commercializa-
tion, understanding the long-term real-
world behavior is particularly important,
not only with respect to device relia-
bility but in all aspects of their out-
door operation, to enable accurate pre-
diction of energy yields and lifetime.

The power output of PV modules out-
doors depends strongly on the weather
conditions that differ from STC (25 °C,
1000 Wm=2, AM1.5G). All established
PV technologies exhibit slight seasonal
changes with a periodic annual pat-
tern. Real-world operating conditions
have various effects depending on the
type of solar cell (mostly on the ab-
sorber materials).’] For the emerging
perovskite PV devices, seasonal patterns
have not been systematically analyzed
yet, because until recently, no long-
term outdoor datasets were available for
these devices due to PSC stability issues.

Indoor experiments revealed that light
cycling can introduce a wide range of pos-
sible PSC behaviors depending on the

1. Introduction

With major improvements in device performance during the last
decade, small-area single-junction perovskite solar cells (PSCs)
are now achieving power conversion efficiency (PCE) under
standard test conditions (STC) of up to 26.95%.[!] Research fo-
cus is currently shifting from raising device efficiency toward

device structure.! These behaviors translate into metastable
changes over the day-night cycle outdoors and significantly com-
plicate the interpretation of outdoor data. Compared to the
amount of data available from indoor stability experiments, out-
door datasets are still scarce, > Nevertheless, the first years-long
outdoor datasets for perovskite-based solar cells are now becom-
ing available,*7#! This enables us to investigate the long-term
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Figure 1. A) Long-term outdoor PCE for two 1 cm? single-junction perovskite devices with the same structure and encapsulation. Stars mark the PCE
measured indoors at STC: initial PCE,\poor after encapsulation for both devices and PCE,\poor after 4 years of outdoor exposure for one fully light-
soaked device. Yellow and blue dashed lines represent hypothetical linear degradation of 3% and 9% per year, as a guide to the eye for summer-to-summer
and winter-to-winter changes in PCEq1poor- B) Temperature, measured on the back side of the device encapsulation, and irradiance in the plane-of-
array. The background color gradient (on all outdoor graphs throughout this paper) represents the seasons — winter in blue, summer in yellow — and is

shown to guide the eye. This dataset is an extension of the experiment previously reported in

performance of PSCs without degradation being the main factor
determining their performance.

In this contribution, we present the analysis of our longest
outdoor dataset for PSCs (Figure 1) that extends over 4 years for
glass-glass laminated p—i-n perovskite solar cells with the struc-
ture of ITO | 2PACz | Cs,;5FA,gsPbI, ccBry 45 | Cqp | SO, | Cu
and a perovskite bandgap of 1.65 eV. The details of device fabri-
cation are available in the Supporting Information, as described
in.[®) Comparing peak summer PCE;1poor Values over the years
shows little to no drop in outdoor performance during the first
two summers and only a #2% absolute drop in outdoor power
conversion efficiency (PCEqyrpoor) from the first to the fourth
summer. These findings also apply to other devices that were
tested in our outdoor field, although most other devices show
more pronounced degradation (see Figure S5, Supporting Infor-
mation), which overlaps with seasonal factors discussed here. It
should be noted that the degradation rate of PSCs likely also de-
pends on the season.® The initial part of this outdoor experiment
was previously published to support the discussion on the topics
of encapsulation!®! and indoor aging with cycled light.[*] Here,
we utilize the extended data series to substantiate the discussion
on pronounced seasonal changes observed in PSCs operated in
Berlin. The devices shown are the most stable ones we have mon-
itored outdoors; therefore, this dataset is well-suited for the dis-
cussion of seasonal effects. Instead of focusing on degradation-
rate analysis, we discuss the factors affecting seasonal perfor-
mance variations.

In Figure 1A, PCEq rpoor Values represent the average daily
performance outdoors. The value was calculated based on device
power output and irradiance in the plane of the array, with no
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[46]

temperature or spectral mismatch correction applied. Tempera-
ture, measured on the back side of the device encapsulation, and
irradiance in the plane-of-array are shown in Figure 1B. Addi-
tional weather data (humidity, air temperature, wind speed, and
the amount of precipitation) are shown in Figure S4 (Supporting
Information). Daily evolutions of MPP parameters for represen-
tative summer and winter days each year are shown in Figure S6
(Supporting Information).

Indoor measurements of fully light-soaked devices
(PCE ypoor, measured at STC, shown as stars in Figure 1A), at
the beginning and after 4 years of outdoor exposure, demon-
strate relatively good stability of the device, with an initial
PCEypoor Of 15.3% and 11.6% after aging and extended
light soaking (see Figure S8 (Supporting Information) for
current—voltage (I-V) measurements). Meanwhile, outdoor
results highlight the extremely pronounced seasonal behav-
ior. The high variability in performance is present from the
beginning of the outdoor exposure, when the PSCs had not
degraded yet. With aging, the seasonal behavior only becomes
more pronounced. Yellow and blue dashed lines in Figure 1A
represent hypothetical linear degradation of 3% and 9% per
year, as a guide to the eye for summer-to-summer and winter-
to-winter changes in PCEqyrpoor- Degradation measured
indoors at STC was ~24% after 4 years (presuming linear
degradation, which corresponds to 6% per year). The difference
between the degradation of PCE oo measured under STC
(6% per year) and the apparent degradation of PCE, rpoor
measured summer-to-summer (3% per year) and winter-to-
winter (9% per year) is due to seasonal changes, as discussed
below.
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Generally, we can separate the factors that contribute to sea-
sonality into different categories: 1) solar spectra, 2) cell temper-
ature, and 3) device metastability. As energy yield is directly influ-
enced by maximum power point (MPP) tracking losses, we also
discuss those, specifically for the combination of the investigated
devices and the selected MPP tracker.

We will first introduce how the above-mentioned parameters
affect conventional PV and the theoretically expected seasonal
behavior of perovskite and conventional solar cells. Then, we
will discuss our data and how those expectations translate to the
actual outdoor performance of single-junction perovskite solar
cells.

2. Parameters that Affect Seasonality in PV

2.1. Solar Spectra

Spectral conditions are one of the main differences between ag-
ing experiments indoors and outdoors. While spectral conditions
for indoor experiments are well-defined and constant — usually
setto AM1.5G spectrum —in outdoor experiments, the solar spec-
tral conditions change both daily and seasonally.[' The spectral
properties of the light source are important, as they, together with
the spectral response (SR) of the solar cell, define the generated
photocurrent. The short-circuit current density (J¢) of the device
is calculated as:

Jsc =/ SR(4) - Ey (4) dA 1)

SR is defined by the device structure and limited by the
bandgap of the absorber layer. Low-bandgap materials are less
affected by spectral changes, since they can absorb photons over
a wider wavelength range. Spectral changes instantly affect the
current generated by the device.

Outdoor E,(4) is defined by sunlight, attenuated by the air
mass, and atmospheric conditions. To simplify, we can represent
the spectral conditions with a single value — average photon en-
ergy (APE),["'"3] calculated using the equation:

JYE(3) da
APE= —* (2)
q- /> (4) di

where E(4) is the photon energy, ¢(4) is the photon flux at wave-
length A, and a and b are the limits of integration. Higher val-
ues of APE reflect blue-light-rich and lower red-light-rich spectra.
The calculated APE value depends on the wavelength range used
for the calculation. In this work, a wavelength range from 300
to 1050 nm was used to be comparable with other works. Spec-
tral changes at a particular location over the day and year depend
on multiple parameters, such as sun position and atmospheric
conditions. Winter-to-summer variations in insolation are more
pronounced farther away from the equator.'*] The test site for
this research, located in Berlin (latitude 52.52° N), therefore ex-
periences relatively large annual changes in solar spectrum. ]
Compared to crystalline silicon (c-Si) or copper indium gal-
lium selenide (CIGS) solar cells with spectral sensitivity in the
range of #300 to 1100 nm, the spectral sensitivity of perovskites
used in single-junction devices is much narrower — typically 2300
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to 800 nm. That means that the performance variations of PSCs
due to spectral changes are analogous to those of high-bandgap
absorbers, such as amorphous silicon (a-Si:H), which has a spec-
tral sensitivity range of ~300 to 750 nm. Devices with a narrow
spectral sensitivity range are more sensitive to changes in the so-
lar spectrum. For an a-Si:H module, typical variations in sunlight
spectra can result in a ~10% change in short-circuit current (Iy.),
while for ¢-Si, the same conditions change Iy only by ~4%.1°]

2.2. Cell Temperature

Generally, PV devices perform worse at higher operating tem-
peratures due to the negative temperature coefficient of power
(). v is directly influenced by the temperature dependency
of the bandgap. While the bandgap for most semiconduc-
tors decreases with temperature, it increases for perovskite
semiconductors.'”8) A slight decrease in Jyc at higher temper-
atures, related to a bandgap increase, was observed in fresh de-
vices, similar to those shown in Figure 1 (see Figure S10, Sup-
porting Information). Additionally, due to their wide bandgap,
perovskites have a lower y compared to silicon.!'8] Typical re-
ported y values for commercial Si modules range from ~—0.3%
to —0.4%/°C, while for state-of-the-art modules it can reach
—0.26%/°C.[*% For PSCs, the reported y values range from —0.1%
to —0.3%/°C.[45]

It is important to note that y in perovskites cannot be predicted
by the bandgap or PCE value measured at room temperature, as
temperature-dependent properties are not determined solely by
the active perovskite layer but are also influenced by other device
layers (ETL, HTL, contacts).l'8) Additionally, temperature coeffi-
cients in perovskite devices do not necessarily follow a monotonic
trend. A change in the slope of y has been observed for carbon-
based perovskite devices,!? as well as for PCS stacks with spiro-
OMeTAD HTL.[2!]

For silicon solar cells, temperature has the most pronounced
effect on seasonal behavior. Due to the negative y, performance
in summer (high temperatures) is expected to be worse than in
winter (low temperatures) at the same irradiance.

2.3. Metastability

In this work, we use the term metastability to describe the re-
versible processes — improvement or degradation — that cause
changes in device performance. Among more mature PV tech-
nologies, a-Si:H is known for its pronounced metastability
effect—referred to as the Staebler-Wronski effect (SWE). SWE
results in a decrease in device performance under illumination;
however, the effect is reversed at elevated temperatures. This was
hypothesized to be an important factor in explaining why a-Si:H
was the only PV technology (prior to PSCs) to show seasonal
variations, with peak performance during the summer.l??] a-Si:H
modules also show better performance when installed in loca-
tions where they operate at higher average temperatures.[?*]

The light-soaking effect (LSE) — i.e., improvement in device
performance after exposure to light — has been observed in mul-
tiple PV technologies. However, depending on the technology,
the effect can vary in magnitude and may either improve or
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Figure 2. A) Ratio of I;pp/lscp at different irradiance-temperature conditions. B) Normalized mean summer (blue) and winter (red) spectrum calculated
for irradiances 500 + 20 Wm™=2. AM 1.5G spectrum is marked with a dashed black line, and device EQE is shown as a yellow area. C) Variation of short-
circuit current calculated from EQE and spectral data compared to measured outdoor Iypp in the irradiance range 500 -+ 20 Wm™2. D) Spectral conditions
as APE value for each Iypp point in Figure 2C. Colors mark the season (red for winter and blue for summer), and the solid grey line represents linear

regression between APE and lpp.

degrade device performance.[?*! PSCs also exhibit reversible be-
havior over the day-night or light-dark cycle,[*”] where the un-
derlying mechanism is typically ionic movement. Depending on
the PSC structure, both LSE-induced reversible increases and de-
creases in performance have been observed. The major differ-
ence from other PV technologies lies in how pronounced these
effects are in PSCs.

3. Results

The devices were monitored in the outdoor test field in Berlin,
Germany (Figure S3, Supporting Information). The conditions
at the location differ significantly between seasons — with high ir-
radiance and high temperatures in summer, and mostly diffuse,
low irradiance light and low temperatures in winter (Figure S9,
Supporting Information). These conditions are typical for north-
ern Europe,[?! which is classified as “DL” zone in the Képpen—
Geiger-Photovoltaic classification,[?] i.e., a temperate zone with
low annual irradiation.

Some variation in performance is observable even when the
devices are still in a “fresh” state — we can attribute this share to
changes in operating conditions alone. The amplitude of other
effects, such as metastability, increases with device degradation.

Adv. Energy Mater. 2025, 15, 2501906 2501906 (4 of 10)

These degradation-induced changes in the device dominantly af-
fect the performance of aged devices.

We separated the contributions to seasonal variation in perfor-
mance into the following categories:

1) Changes in spectral conditions.

2) Effect of temperature coefficients and cell operating
temperature.

3) Hysteresis in the current density—voltage (J-V) characteristics
and MPP tracking losses.

4) Perovskite metastability:
degradation.

reversible and irreversible

3.1. Contributions to Seasonality
3.1.1. Changes in Spectral Conditions

The spectrum in the plane of the array at the outdoor field is
measured periodically every 5 minutes. Data show that the spec-
tral conditions are blue-rich in summer and red-rich in winter
(Figure S7, Supporting Information). Figure 2B shows normal-
ized mean summer (blue line) and mean winter (red line) spec-
tra, calculated for irradiances of 500 + 20 Wm™2. The selected
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Figure 3. Performance of completely light-soaked PSCs at different temperatures. A) The 4-year-old device shown in Figure 1, and B) a smaller (0.16 cm?)
device with the same device stack. Measurements were taken after encapsulation (initial) and after 2 years of outdoor operation (aged) — see the outdoor

data of this experiment in Figure S5 (Supporting Information).

irradiance range was chosen to obtain an adequate number of
data points at the same irradiance under different conditions
throughout the year. Both summer and winter spectra differ from
the reference AM1.5G spectrum, marked in Figure 2B with a
dashed black line. The yellow area in Figure 2B represents the
external quantum efficiency (EQE) for one of the PSC devices
measured after encapsulation. Using the device EQE, we can
calculate the theoretical I . of the device based only on spectral
irradiance. Based on PCE values (Figure 1A), we assume that the
EQE does not change significantly during the first two years of
outdoor operation.

To compare the calculated I with the outdoor-measured max-
imum power point current (I;pp), We first confirmed through in-
door measurements — using a solar simulator and different ir-
radiance levels (AM1.5G spectrum) at controlled temperatures
(15, 25, and 55 °C) — that the ratio I;pp/Isc (shown in Figure 2A)
does not change considerably under different operating con-
ditions. Therefore, we can conclude that changes in current
due to spectral variation are reflected equally in both I and
Lypp-

The first two years of I, data (green circles) for the irradiance
range of 500 + 20 Wm~2 are shown in Figure 2C, together with
the calculated Iy data points (orange diamonds). As the seasonal
variation is the same for the measured and calculated current, we
can attribute the change in I, to changes in spectral conditions.
The difference between summer and winter current values can
exceed 10% at the same irradiance. Approximate minimum and
maximum values of I,,p, are marked with dashed grey lines as a
guide to the eye.

Spectral conditions at the time of each Ipp data point in
Figure 2C are shown in Figure 2D. There is a clear correlation
between I,,,p and APE values — a solid gray line represents the
linear regression. Point colors indicate the season, with red rep-
resenting winter and blue representing summer. As in Figure 2B,

Adv. Energy Mater. 2025, 15, 2501906 2501906 (5 of 10)

summer and winter conditions are clearly separated, forming two
distinct clusters, neither of which coincides with the reference
AM1.5G spectrum in the middle (marked with a vertical dashed
line).

Summarizing, comparing the same irradiance levels, the sea-
sonal differences in solar spectra affect the current generated by
the solar cell. Blue-light-rich summer conditions allow PSCs to
generate more current compared to winter, with the difference
in Iy;pp reaching up to 10% between mean winter and summer
values.

3.1.2. Effect of Temperature Coefficients and Cell Operating
Temperature

The low temperature coefficients of power (y) observed in PSCs,
compared to other PV technologies, suggest that PSCs per-
form relatively better under high-temperature conditions during
summer.

For the aged, four-year-old device, the temperature coefficients
were found to differ considerably from expectations. Figure 3A
demonstrates the performance parameters measured indoors at
different temperatures and 1 sun irradiance (AM1.5G). The se-
lected temperature range reflects the typical outdoor tempera-
tures of the devices exposed at our test field in Berlin. While the
open-circuit voltage (V) decreases with higher temperatures as
expected, the fill factor (FF) shows considerable improvement —
i.e., a positive temperature coefficient (T). The PCE trend fol-
lows the FF, with higher values at high temperatures.

To illustrate the effect of outdoor aging on temperature coeffi-
cients, we show in Figure 3B measurements on both the initial
(after encapsulation) and the aged device, with slightly different
perovskite stoichiometry but the same device stack (see Support-
ing Information for device fabrication). The active area of this
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Figure 4. A) J-V measurements in forward and reverse scan directions of the 4-year-old device measured at different operating temperatures. B) Indoor
MPP tracking for the same device, at different temperatures and light intensity of 1000 Wm~2. C) Outdoor V\pp variance (data for irradiance values
below 100 Wm™2 was filtered; see Figure S14, Supporting Information). Blue and red lines show average minimum and maximum daily temperatures.

solar cell was smaller, 0.16 cm?. The device was also aged out-
doors, although for a shorter period (approximately two years)
— see Figure S5 (Supporting Information) for details. Measure-
ments on fresh devices show that y is only slightly negative, due
to the drop in V. at high temperatures. PCE decreases from
19.9% at 5 °C to 18.1% at 70 °C. In contrast to the fresh de-
vice, where y follows the V. trend, the PCE of the aged device
follows the FF trend. Unlike for V-, where the temperature be-
havior is defined by the active perovskite layer, changes in FF of
aged cells are most likely connected to the increase of mobile
ions concentration,[??8] or temperature-activated transport in the
charge transport layers,[17:2]

The y contribution to seasonality differs between fresh and de-
graded devices. Considering only temperature effects, fresh de-
vices lose performance in summer compared to winter due to
higher operating temperatures and a negative y. For degraded de-
vices, however, changes in the temperature coefficients of the fill
factor and short-circuit current improve the overall performance
at higher operating temperatures, thereby giving them a “sum-
mer boost.”

3.1.3. J-V Hysteresis and MPP Tracking Losses

A temperature-irradiance performance matrix was measured for
one of the aged, four-year-old devices. Before performance ma-
trix measurements, the device was light-soaked under constant
1 sun equivalent illumination to eliminate the transient effects
(will be discussed below). During the performance matrix mea-
surements, the device was connected to an MPP tracker. At each
operating condition, once the MPP tracking stabilized, -V mea-
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surements were performed. Measurements were conducted over
a temperature range from 5 to 55 °C in 10 °C steps. At each
temperature, irradiance was changed from 1000 to 100 Wm™2 in
100 Wm~2 steps.

Figure 4A shows current density—voltage (J-V) curves mea-
sured at 1000 Wm~2 and three different temperatures: 5, 25, and
55 °C (blue, green, and red lines, respectively). There is a pro-
nounced effect of temperature on J-V hysteresis. At 55 °C, the
hysteresis is negligible; the FF does not change depending on
the J-V scan direction (forward or reverse). In contrast, at 5 °C,
the FF of the forward J-V scan is significantly lower. As shown in
Figure S8 (Supporting Information), the device in its fresh state
did not exhibit J-V hysteresis at room temperature (and the same
J-V scan parameters). This increase in J-V hysteresis after out-
door exposure (Figure 4A) might originate from internal electric
field screening, likely caused by aging-induced increase in mobile
ion concentration, 28] Reduced J-V hysteresis at higher operat-
ing temperatures has also been observed for fresh devices in the
literature,[30-3]

J-V hysteresis is common in perovskite devices, and it has al-
ready been shown that it also affects MPP tracking quality.**
Figure 4B shows power (P,,pp) and voltage (Vypp) at maximum
power point during 3 minutes of MPP tracking at 1 sun irradi-
ance for each measured temperature. The same pMPP tracker
used in the outdoor setup was implemented for indoor MPP
tracking. In both cases, the tracking algorithm used was “perturb
and observe” (P&O), with a period of 200 ms and a voltage step
of 6 mV.

The quality of MPP tracking at higher temperatures (35, 45,
and 55 °C) is good, as there is almost no variance in P, and
only small perturbations in V,,pp. That confirms that both the
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MPP tracker and the selected algorithm are suitable for the de-
vice under observation, i.e., only small deviations of the device
voltage from its actual Vy,;, are expected due to the use of P&O
algorithm. Atlow temperatures, however, V,;p (and with it Py,pp)
begins to fluctuate significantly compared to higher tempera-
tures. In the worst case, at 5 °C, the V), fluctuates between 0.4
and 0.8 V. That means that the MPP tracker is searching for the
correct MPP across a range exceeding 35% of the device voltage.
High fluctuations in voltage also cause tracking losses, i.e., en-
ergy loss when the device operates outside its actual maximum
power point due to non-optimal tracking algorithm parameters.
Outdoors, this results in lower energy yield at lower operating
temperatures.

Figure S11 (Supporting Information) shows P-V characteris-
tics measured with different scan speeds at each temperature,
together with MPP tracking values. It visualizes where in P-V
characteristic the MPP tracker is searching for the MPP and how
high hysteresis at low temperatures negatively affects the quality
of the tracking.

Variance in MPP tracking voltage (Vyppvar) Was also calcu-
lated for outdoor data shown in Figure 1 (see Figures S12 and
S13, Supporting Information, for the definition of this param-
eter). Figure 4C shows Vyppyar together with daily minimum
and maximum temperatures of the device. In the first two years,
the amplitude of Vyppyar is small, with little variation between
seasons. This indicates adequate operation of the chosen MPP
tracking system and algorithm for fresh devices. In the follow-
ing two years, when the device is more degraded, the difference
in Vyppyar between summer (higher temperatures) and win-
ter (lower temperatures) becomes more pronounced. This corre-
sponds to the behavior observed in indoor measurements, where
MPP tracking quality is worse at low temperatures due to in-
creased J-Vhysteresis. Although different MPP tracking parame-
ters (such as algorithm, period, and voltage step) might improve
the MPP tracking of the aged device, the parameters were kept
constant throughout the outdoor experiment for consistency.

Exhibiting such behavior — with the observed dramatic de-
crease in MPP tracking quality at low temperatures — leads to
higher MPP tracking losses (and hence lower energy yield) in
winter compared to summer for PSCs. Such effects should be
considered part of device degradation, even if they do not affect
the steady-state device PCE under standard test conditions.

3.1.4. Perovskite Metastability

Metastability in PSCs includes not only effects that are reversible
on the timescale of a single day,!* but, based on our results, also
changes that occur over much longer time periods.[*! Regardless
of the timescale, most of the effects are caused by ion movement
in the perovskite layer.3®37] With aging, metastability often be-
comes more pronounced, as is the case for the aged device pre-
sented here. While fresh devices reached light-soaking saturation
(1 sun, 25 °C) within several minutes, after four years of opera-
tion, the examined solar cell required several days of continuous
light-soaking (1 sun, 25 °C) to reach its maximum performance.
The recovery process — in this case due to the LSE (described in
detail in!”l) — is affected by both irradiance and temperature.
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For studied devices, V. and V,;;p are the main parameters
that change during the light-soaking (see Figure S8, Support-
ing Information). To investigate the seasonal impact of metasta-
bility (Figure 5D), we monitored V. and V,;p of the aged de-
vice during prolonged light-soaking and dark storage periods.
It should be emphasized that for such metastable devices, pre-
conditioning is a critical factor, as it directly and significantly
affects the measured performance. For the light-soaking mea-
surements presented in Figure 5A-C, the device was taken in-
doors in December and was therefore in its winter state. To
further “reset” any prior light-soaking effects, the device was
kept in dark storage for several days before the start of the
experiment.

Figure 5A shows the recovery of V. and V,;p under constant
1 sun equivalent illumination, starting from the dark storage
(winter) state. The device was placed on a temperature-controlled
stage and connected to an MPP tracker, with I-V measurements
taken periodically. Voltages shown in Figure 5A-C were extracted
from the reverse -V scans.

During the first part of the experiment (Figure 5A), when the
device was held at 25 °C, we observed a continuous increase in
both V¢ and Vypp. While the increase is quite rapid during the
first 12 h, even after 60 h, V,;p still did not reach the values
measured outdoors during the previous (2023) summer. Keeping
the same irradiance, the operating temperature was increased to
40 °C —representing typical summer temperature conditions out-
doors (Figure 5B). The increase in temperature caused the voltage
values to increase further, with V,pp beginning to stabilize after
12 h at the elevated temperature (in addition to the 60 h under 1
sun at 25 °C). In the “saturated” light-soaked state, the measured
Vo was comparable to that of a fresh device (Figure S8, Support-
ing Information), and V,;p, matched the value reached outdoors
in summer.

Once the device reached its best performance, the conditions
were changed to “dark storage,” simulating the low-irradiance
conditions of winter (Figure 5C). The operating temperature
was set back to 25 °C. To monitor device performance, short
periodic light pulses (1 sun equivalent) were used to mea-
sure [-V characteristics. Figure 5C shows that the voltage val-
ues dropped significantly immediately after continuous illumi-
nation stopped. Although most of the change occurred in the
first 12 h, the voltages continued to decrease slowly for more
than 72 h before reaching the “winter levels” (blue line in
Figure 5A-C).

Although V,,;p is affected by both temperature and irradiance,
the changes due to these factors are minor compared to the mag-
nitude of metastability effects shown. We can therefore attribute
most of the changes in the “daily mean V,;;,” shown in Figure 5D
to metastability — e.g., an unsaturated light-soaking state.

Yellow and blue horizontal lines in Figure 5 mark the maxi-
mum and minimum V,,;p, values measured indoors. The maxi-
mum value (yellow line) matches well with the summer outdoor
values in Figure 5D, both during the first summer (2021) and
even the last summer, four years later. The minimum value (blue
line), on the other hand, is much lower than what was observed
outdoors in the first (2021) or second (2022) winter. However, the
aged, more degraded device reaches similarly low outdoor V,pp
values in the winter of 2024.
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Figure 5. A-C) Indoor light-soaking (1 sun equivalent illumination)/dark storage at different temperatures for the 4-year-old device taken indoors in
winter. (A) First, the device was light-soaked for 60 h at 25 °C, which was not sufficient to saturate the LSE. (B) Continued light-soaking with the
temperature increased to 40 °C, leading to saturation in the next 12 h. (C) Subsequent dark storage resulted in a voltage decrease back to the initial
values; however, another 72 h were needed to reach “dark storage” voltage values (as measured at the beginning of light-soaking). D) Outdoor daily mean
Vupp values throughout four years. The high/low Vy;pp values correspond to full saturation/full loss of the LSE in the indoor experiment. Characteristic
summer and winter Vy;pp values from the outdoor experiment are marked with yellow and blue lines.

The experiment shows that for degraded perovskite devices,
metastable effects, such as light-soaking, can last significantly
longer than a single day-night cycle. We were able to condition
the device from its winter state with Vy,p, = 0.5 V to its summer
state with Vy,pp = 0.85 V, but it took 72 continuous hours under
illumination and 72 h in the dark (and it would have taken longer
had the temperature not been increased). This explains the con-
tribution of metastability to the seasonality observed — generally,
devices are more light-soaked during summer (see summer-to-
winter irradiation difference in Figure S9B, Supporting Informa-
tion), which is beneficial to the performance.

4, Discussion

The magnitude of seasonal changes is expected to be both
climate-specific and device-specific for perovskite PV. How-
ever, the fact that it can reach such a high magnitude, as
shown here for the case of Berlin, even for decently stable de-
vices, challenges the conventional approaches to outdoor sta-
bility evaluation. For example, the cells shown in Figure 1
would drop below the Ty, line every winter and “recover”
their performance during the following spring and summer.
Furthermore, while the first-to-fourth summer PCEqyrpoor
peak difference is less than 15%, the first-to-fourth winter
PCEqyrpoor Values drop by ~40% (see Figure 1A). This sug-
gests that in experiments shorter than a year, the impacts of
seasonal changes and device degradation can overlap and create
uncertainty.
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The extrapolation of conclusions to other climates is com-
plex, as the discussed factors affecting seasonality interact with
each other. Compared to Berlin, locations closer to the equa-
tor experience less pronounced seasonal spectral variation due
to the impact of latitude on seasonal air mass variation. There-
fore, the relatively high changes in generated current due to
spectral shifts observed at our location would be reduced in
more equatorial locations.['>] Based on the changes in temper-
ature coefficients observed for fresh and aged devices, the de-
vice performance in hot climates would be worse initially, but
the poor performance and MPP tracking losses in aged devices
at low temperatures might be mitigated. These effects would
likely increase in magnitude in locations with warmer climates
and high annual temperature variation. Seasonal variations also
affect light-soaking, the dominant metastable effect for the de-
vices presented. Light-soaking losses in locations with high in-
solation and ambient temperatures throughout the year can be
more than twice as low compared to locations with less favorable
conditions.l’]

Thorough indoor experiments are required for sound con-
clusions on the outdoor lifetime of PSCs. On the other hand,
the extent of metastability (even for rather stable devices) chal-
lenges the established practice of quantifying the outdoor de-
vice stability using only “normal” I-V curves measured un-
der STC indoors. By “normal,” we refer to -V measurements
that do not last for a full week, such as those shown in
Figure 5A-C. To the best of our knowledge, good scientific
practices for the outdoor evaluation of highly metastable de-
vices are still under discussion in the community, and extensive
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research is needed to deepen our understanding of PSCs and
to facilitate the quick and confident adoption of perovskite
technology.

Great care in the preconditioning of PSCs is required when
performing indoor measurements, especially for aged devices. As
shown in Figure 5, the time needed to fully saturate the LSE may
exceed one day — which is not convenient (or even feasible) for
intermediate indoor characterization of devices during outdoor
experiments.

5. Conclusion

In this contribution, we presented results from the longest (4-
year-long) outdoor dataset currently available (to the best of our
knowledge) for perovskite solar cells. Peak summer outdoor per-
formance shows little to no drop during the first two summers
and less than a 15% relative decrease between the first and fourth
summer. Despite the good summer-to-summer stability of the
devices, the seasonality observed in the Berlin climate is signifi-
cantly more pronounced compared to conventional PV technolo-
gies. Itis expressed as up to 30% better performance of perovskite
cells in summer compared to winter (or even more so for aged
cells). This behavior of PSCs was interpreted by separating and
explaining the different contributing factors.

Seasonal changes in the solar spectrum —leading to blue-light-
rich summers and red-light-rich winters at our location — can re-
sult in a 10% difference in generated current between seasons
at the same irradiance levels. Changes in the operating temper-
ature affect the observed PSCs in different ways depending on
the state of the device, with initially negative temperature coef-
ficients becoming positive in degraded devices. Additionally, de-
vice metastability, with the LSE as the dominant behavior in the
observed devices, results in lower device voltage during cold, low-
light winter conditions and becomes more pronounced as the de-
vice ages. During operation in real-world conditions, MPP track-
ing losses also need to be considered. In the PSCs studied, these
losses are linked to the magnitude of J-V hysteresis, which in-
creases significantly in aged devices and at low operating tem-
peratures. As a result, the energy yield of the observed devices is
reduced during the third and fourth winters.

Overall, the presented long-term outdoor data for the lab-scale
PSC devices demonstrates the potential of this technology to
reach the operational lifetime requirements of current commer-
cialized PV technologies. However, it is important to improve our
understanding of the processes behind their unique real-world
behavior to achieve accurate data interpretation and energy yield
forecasting — and to potentially reduce the magnitude of seasonal
variations in performance through device optimization.
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