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From Sunrise to Sunset: Unraveling Metastability in
Perovskite Solar Cells by Coupled Outdoor Testing and
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Perovskite-based solar cells exhibit peculiar outdoor performance which is not
yet fully understood. The results of outdoor tests may contain hidden, but
valuable information that cannot be fully extracted from measurements alone.
One such phenomenon is the effect of nighttime degradation and the
subsequent light-soaking recovery, which can take from a few hours in the
morning up to the entire day. In this work, long-term outdoor monitoring is
combined with energy yield modeling to qualitatively and quantitatively
investigate the effect of light-soaking recovery in both single junction and
tandem perovskite-based devices. Following the novel methodology presented
in this study, it is observed that the light-soaking effect depends not only on
the daily irradiation but also on the device temperature, and it can be
described using a simple empirical formalism. Incorporating this dependency
into the energy yield model results in an excellent agreement between the
simulated and the measured outdoor data, which allows to perform long-term
prediction studies. The model estimates that the light-soaking metastability
effect decreases the attainable annual energy yield by up to ~5% for the
studied single junction devices, and for tandems by up to ~3%, depending on
the geographical location, and even more for non-optimal device orientation.
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1. Introduction

The field of photovoltaic (PV) has expe-
rienced nearly exponential growth in re-
cent years and the practical power con-
version efficiency (PCE) limits of conven-
tional single-junction silicon solar cells
will soon be reached.!! Further progress
in the field can be achieved by utilizing
emerging halide perovskite-based solar
cells (PSCs). In both configurations —sin-
gle junction (S]) and tandem with a sil-
icon (or other low-bandgap) bottom cell
— the PCEs have already reached levels
that are viable for commercialization,!?!
and keep increasing due to the intense
research activities in this field. Device
operational stability remains a concern,
but a lot of promising development
has been demonstrated recently,>*! giv-
ing grounds for optimism. An impor-
tant next step in technology develop-
ment is uncovering the device outdoor
stability through field testing, hand in
hand with accelerated indoor lifetime testing, and evaluating the
long-term production of (area-normalized) electrical energy —
the energy yield (EY; given in kWh m~2) — under realistic con-
ditions rather than the PCE under standard test conditions (STC,
ie., 25 °C, 1000 W m~2, AM1.5G spectrum).

The first long-term outdoor datasets with in-situ monitoring of
perovskite solar cells®7! and tandems with silicon,!®! were pub-
lished in recent years. They show the importance of the reversible
(or metastable) processes that result in periodic changes in the ef-
ficiency of PSCs during the day-night cycle.[') One of these phe-
nomena is the so-called light-soaking effect (LSE), i.e., the process
of nighttime degradation and subsequent performance recovery
upon illumination, typically in the morning hours of the day. The
duration of the light-induced recovery can take from minutes!!!]
up to dozens!'?! of hours and strongly depends on the device ar-
chitecture. It was also shown to increase in magnitude with the
device ageing,!!3] potentially becoming much more of a problem
for aged cells even if they did not show the LSE initially in their
fresh state. The physical origin of the LSE in PSCs is still un-
der investigation.!'] The most common explanations involve ion
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migration!’>"'] trapping/detrapping of charge carriers,!'81°1 de-
fects healing,[?*?!l and perovskite lattice expansion and strain
relaxation(?2-2*] The LSE not only poses a technical challenge for
accurate device characterization but also results in the underper-
formance of PSCs outdoors for a certain time in the morning.
The difference in morning and afternoon efficiency affects single-
cell devices and also perovskite modules.!?] The exact quantifica-
tion of LSE during field testing is challenging due to the con-
stantly changing outdoor conditions. We will demonstrate, how-
ever, that state-of-the-art energy yield modelling can be harnessed
as a powerful tool for LSE extraction and evaluation.

Multiple EY models were suggested for perovskite-based solar
cells?6-21 They vary in complexity, depending on the parameters
taken into account by the model (irradiance, temperature, solar
spectrum, and solar cell electrical performance among others).
The purpose of the models was mainly to predict and optimize
EY at different geographical locations,[*) to compare 2-terminal
and 4-terminal tandem devices,*”) or to improve light manage-
ment by analyzing the effects of textured surfaces.[*!! To the best
of our knowledge, however, no connection with actual outdoor
data has been established so far for the purpose of device char-
acterization, which — as we will show — is in fact one of the most
powerful uses of energy yield modelling. Namely, when studying
the impact of nighttime degradation and light-soaking recovery,
it is difficult (if not impossible) to isolate and quantitatively eval-
uate the extent of the LSE solely from outdoor measurements
due to the constantly changing weather conditions. However, by
comparing the measured data to the simulated reference device
performance unhindered by the LSE, we can quantify the energy
harvesting deficit associated with metastability in real time under
any given weather and installation conditions. And finally, if the
simulation model itself is extended by factoring in the observed
metastability, long-term forecasting also becomes possible, and
assessment of the EY losses associated with the LSE can be per-
formed on an annual level.

In this work, we performed long-term outdoor tracking of sev-
eral PSCs and perovskite-silicon (PK-Si) tandem cells at two ge-
ographical locations, in Berlin (Germany) and Ljubljana (Slove-
nia). The selected devices that were monitored for up to 2 years
exhibit decent long-term outdoor stability, yet are also subjected
to the peculiar diurnal behavior associated with the light-soaking
effect, where the devices degrade over the night and then recover
significantly from morning to noon or evening, depending on the
weather conditions. By simulating the expected device output us-
ing an in-house developed energy yield model, we obtain good
matching between the model predictions and the outdoor mea-
surements in the evening hours. However, we systematically ob-
serve devices underperforming in the mornings, especially when
comparing the simulated and the measured voltage at the max-
imum power point (Vypp), which we attribute to the LSE. From
the extent of this difference, the energy losses associated with
the observed metastability phenomenon are extracted, quanti-
fied, and empirically correlated with the dose of irradiation re-
ceived by a cell during the day and the cell temperature (T.).
Finally, we incorporate the proposed empirical correlation into
the EY model and thus obtain an excellent agreement between
simulation and measurements during the whole day. Using the
upgraded EY model, we predict the annual energy yield losses as-
sociated with the studied metastability effect in both single junc-
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tion and tandem devices and discuss the implications of device
orientation and geographical location.

2. Outdoor Data

This work is based on the outdoor performance data of p-i-
n perovskite solar cells in a single-junction (S]) architecture
as well as in a PK-Si tandem architecture, all operating at
maximum power point (MPP). The single-junction devices,
with a perovskite bandgap of E; = 1.52 eV, were struc-
tured as follows: ITO/ MeO-2PACz |/ formamidinium lead io-
dide (FAPDI;) perovskite/ LiF/ C60/ SnO,/ Cu and exhibited
an average PCE of 16.6% after encapsulation. Tandems were
manufactured using a silicon heterojunction bottom cell and a
p-i-n, wide bandgap (E; = 1.68 eV) triple-cation perovskite
(€005 (FA¢77MA 53)0 95 Pb(I 7By 55)5) top cell with a similar ar-
chitecture as described in.[3?] After encapsulation, an average
PCE of 24.2% was measured. The selected device structures are
representative of the high-efficiency SJ and tandem devices, with
the latter requiring a higher bandgap perovskite that is achieved
through compositional engineering.

All of the studied solar cells were small-size with an active
area of 0.16 cm? (for single junction) and 1 cm? (for tandems).
All devices were encapsulated based on the glass-glass technique
that uses butyl rubber as an edge sealant and polyolefin (POE)
film as an encapsulant!'% (refer to the supporting information
for details). One FAPbDI, device in the batch had no POE en-
capsulant, only edge sealant — this did not affect its daily behav-
ior or long-term performance degradation. Encapsulated devices
were mounted on a fixed optimal tilted (35°) stand facing south
and connected to a maximum power point tracking system.!>3]
The long-term performance data was recorded in parallel with
weather conditions, such as the absolute and spectrally-resolved
irradiance in the plane of array and cell temperature (T_).

We performed the long-term outdoor measurements on the
HZB rooftop test field located in Berlin, Germany (Figure 1a))
over the period of October 2020 — June 2023 (33 months or 972
days) for four SJ devices and December 2021 — November 2022
(11 months or 322 days) for four tandem devices. In both cases,
these are among the largest datasets available in the literature
at the moment. In Figure 1d) the data is represented as aver-
aged midday outdoor PCE (PCE ,4,.,) values for the devices ex-
posed to the outdoor conditions in Berlin. The PCE ., Was
calculated based on device power output and absolute irradiance
in the plane of array with no temperature or spectral mismatch
correction applied in the calculations. The encapsulated SJ de-
vices show good outdoor stability, retaining about 65% of the
initial PCE_ .., after 2.5 years of outdoor exposure. Neverthe-
less, seasonal changes in device performance are evident, with
increased performance during the summer months and a drop
in performance during the winter months.**) Summer decline
would have been expected due to no temperature compensation
in PCE_ ;.. calculations, however, the trend is the opposite. Ad-
ditionally, by comparing summer-to-summer peak PCE_ 4., val-
ues, a relatively slow long-term degradation trend can be noticed,
showing promise for the long-term stable behavior of perovskite
solar cells. The degradation between the winter-to-winter mini-
mum is larger in the first year, with little change from the sec-
ond to third winter. Tandem devices show an initial increase in
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Figure 1. Experimental outdoor data. a) Rooftop test field in Berlin; area with lab-scale perovskite devices marked with a yellow circle. Example of
encapsulated tandem and single-junction devices mounted on the test fields in b) Ljubljana and c) Berlin. d) Long-term outdoor data for S| perovskite
(green) and PK-Si tandem (blue) devices. Dots represent average midday PCE values of the devices, calculated for irradiances higher than 150 W m~2
(the line serves as guide to the eye). Global irradiance measured in the plane of array (orange) and the temperature of a device (black) are also shown.
Black dashed rectangles in d) mark the recording period that was used for EY model validation. Part of the dataset in Figure 1d) (S) devices; top panel)

was extended and adapted from our previously reported data.[3]

PCE_ 1400 from spring to summer, which is likely due to seasonal
changes in weather, as observed in the case of single-junction de-
vices. However, their performance starts to noticeably degrade
throughout the summer and autumn. High operating tempera-
tures, current mismatch changes, potential encapsulation-related
issues, or simply higher doses of irradiation may be among the
causes of the observed acceleration in device degradation. Even
though the long-term device degradation is noticeable over a
longer period, it is difficult to disentangle the seasonality effects
from the actual loss of device performance just by using the ex-
perimental outdoor data. Only by comparing outdoor data with
the EY model results, we can clearly detect and quantify the long-
term degradation. Although quantifiable, the exact origins of the
device degradation are beyond the scope of this paper. Here we
focus on the relatively stable parts of the datasets (marked with
black dashed rectangles in Figure 1d)) to validate and train our EY
model that includes also short-term diurnal metastable effects.
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In addition to variations in performance due to seasonality and
long-term degradation, both types of devices also exhibit daily re-
versible changes — so-called metastability, which is the main focus
of this paper. In studied solar cells, this phenomenon is most no-
ticeable in the V), values throughout the day. Figure 2a) shows
Vypp and irradiance data for the FAPDI, S] device over the course
of four consecutive relatively sunny days, whereas Figure 2b)
demonstrates the V), at different times of the day (indicated by
color) as a function of incident irradiance. We observe an increas-
ing trend in Vypp throughout almost the whole day that is way
steeper than the logarithmic voltage increase expected solely due
to higher irradiance. The comparison of morning and evening
Vupp Values at the same irradiance shows that the evening values
are consistently higher than the morning ones, and also that the
same V,,pp values are repeatedly reached when the cell becomes
fully light-soaked. Therefore, the increase of Vy,pp (and, conse-
quently, PCE ,4..,) it the morning hours should be regarded as
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Figure 2. LSE in outdoor data for FAPbl;-based S| perovskite solar cells. The maximum power point voltage (color-coded for the hour of the day) during
several days of observation as a function of a) time and b) irradiance. The irradiance during the corresponding days is shown in yellow.
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Figure 3. LSE in outdoor data for PK-Si tandem device as well as for the reference single-junction silicon and perovskite cells with the same structure
as the tandem sub-cells. The maximum power point voltage (color-coded for the hour of the day) during several days of observation as a function of a)
time and b) irradiance. The irradiance during the corresponding days is shown in yellow.

arecovery rather than an improvement - light-soaking during the
day gradually eliminates the negative effects of nighttime degra-
dation and, if weather conditions allow, returns the cell’s perfor-
mance to its initial (peak) state.

To analyze the metastability behavior in the individual sub-
cells of a tandem device, an additional set of outdoor measure-
ments was conducted on a rooftop monitoring site of LPVO in
Ljubljana (Slovenia). The outdoor measurements were carried
out in parallel for the PK-Si tandem device as well as for the
single-junction high bandgap perovskite and silicon devices that
have the exact same structure as the tandem top and bottom sub-
cell. Figure 3a) shows the V,,pp data for all three devices over the
course of several consecutive sunny days at the beginning of the
device operation and Figure 3b) represents the V,pp values at dif-
ferent times of the day (indicated by color) as a function of inci-
dent irradiance.

For the SJ Si solar cell, the V), is relatively unchanged
throughout the day, except for a marginal decrease towards mid-
day due to higher operating temperatures. Conversely, the Vy,pp
values of the high bandgap perovskite SJ solar cell are affected
by the LSE in a qualitatively similar way as shown for the low
bandgap SJ] FAPbI, perovskite device in Figure 2, despite hav-
ing a different perovskite absorber. Such metastable behavior is
then translated into the operation of the PK-Si tandem device,
leading to light-soaking dynamics that are similar to those of the
perovskite S] devices. We can observe a good correlation between
the sum of the voltages of PK and Si single-junction devices and
the measured V,pp of the PK-Si tandem device. In the evening
hours, the decrease of V,;pp occurs earlier for the PK-Si tandem
device than for the other two device types. We attribute this be-
havior to the lower value of the shunt resistance (Rgyyyt) of that
particular tandem device compared to the Rgyyr of the SJ per-
ovskite or Si solar cell.

Overall, our outdoor measurements reveal that perovskite-
based devices lose a considerable amount of energy in the morn-
ings due to the LSE. The exact extent of losses, however, re-
mains unknown, since experimental data alone is not sufficient
to separate the light-soaking effect from the effects of constantly
changing environmental parameters that also affect the energy
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yield of PV devices. For this, the energy yield model that emu-
lates the device performance in real-world conditions plays a key
role.

3. Modelling

Numerical modelling in our work was employed for two specific
purposes. Firstly, to extract and quantify the losses associated
with the light-soaking effect in any particular PK-based solar cell
technology directly from outdoor measurements performed un-
der realistic operating conditions. And secondly, to implement
the LSE mechanism into the energy yield modelling framework
to predict, analyze and compare long-term LSE losses in different
operating conditions.

We used an in-house developed EY algorithm'®! that is
based on three key modelling approaches (optical, thermal, and
electrical). As the input data, we applied realistic optical con-
stants of the materials, layer thicknesses, and interface tex-
tures, as well as measured device operating temperature (T_.;)
and meteorological data (spectrally resolved global tilted irradi-
ance (GTI) and direct normal irradiance (DNI), etc.) acquired
on the HZB outdoor PV monitoring site. The electrical be-
havior of the device was modelled based on an extensive set
of J-V characteristics measured on a fresh device under well-
defined indoor conditions (irradiance/temperature), following
the methodology outlined in.[””) The measured, fresh device
was completely light-soaked prior to each |-V measurement
to factor out any metastable behavior. The optical part of the
model was validated for the selected PK-Si tandem devices by
comparing the modelled and measured external quantum effi-
ciency (EQE) and short-circuit current densities (J,.) of the de-
vice’s sub-cells under STC conditions (Figure S4, Supporting
Information).

Figure 4 shows the measured and simulated a) voltage (Vy;pp),
b) short-circuit current density (Jy;pp), and c) power (Py,pp) values
at MPP of the investigated PK-Si tandem device over the course
of six selected days at the beginning of the device operation along
with d) the acquired incident irradiance (GTI) and device temper-
ature (T,;). While the simulated (red curve) and measured (blue

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Measured (blue curve) and simulated (red curve) a) Vypp, b) Jupp, and c) Pypp values of the PK-Si tandem device over the course of three
consecutive cloudy and three consecutive sunny days. d) Measured total incident irradiance (yellow area) and device operating temperature (black curve)
for the six selected days.
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Figure 5. Daily energy generation losses of the tandem device attributed to the LSE effect over the course of three consecutive weeks. Also plotted are
the daily irradiation (orange curve) and the daily average of device temperature (black curve).

curve) Jypp values in Figure 4b) show a good agreement, there is
anotable discrepancy between the simulated and measured Vypp
and, consequently, also Pypp values (although less visible due to
a larger span of the Pypp vertical axis). On cloudy days, the mea-
sured Vy,pp values are lower than the simulated ones through-
out the whole day. On sunny days, however, the measured val-
ues deviate from the simulated ones only in the morning hours
but match closely in the afternoon. We attribute this V,,,, dif-
ference to the LSE, since during the second half of each sunny
day when the device is fully light-soaked, the measurements over-
lap with the simulations. This good agreement between the re-
sults obtained for fully light-soaked cells indicates the validity
of our EY modelling approach, which allows us to calculate, at
any given operating conditions, the predicted (ideal) power gen-
eration of the device without any degradation or metastability
effects.

3.1. LSE Extraction and Quantification

Ideal EY simulation results in comparison to actual outdoor mea-
surements can be used to extract and quantify the extent of the
LSE losses during the device operation. The results in Figure 4c)
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show that energy losses are substantial in low irradiance condi-
tions, amounting to around 12% for the three cloudy days shown.
On sunny days, however, when the device is fully light-soaked in
the afternoon hours, the losses are significantly lower, totaling
approximately 2% over the selected three days.

The same methodology can be used also for longer time peri-
ods of the outdoor operation. Figure 5 shows the daily losses at-
tributed to the LSE over the course of three weeks (before any sig-
nificant irreversible degradation of the device could be observed).
The daily sum of the incident irradiance (daily irradiation) and
the daily average of device temperature (T,;) are also plotted. The
results show that over the course of these three weeks, the LSE
losses reduce the total achievable generated energy obtained with
the EY model by 6%. Again, it can be observed that the losses vary
from day to day, but are closely correlated with the device oper-
ating conditions, with larger LSE losses observed on days with
lower daily irradiation and lower device temperature.

3.2. LSE Modelling

To predict the amount of LSE losses in different environmen-
tal and installation cases, the LSE mechanism needs to be

0.25 .
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Figure 6. a) The difference between simulated and measured V\;pp results (AV),pp) of the PK-Si tandem cell as a function of the cumulative irradiation

(Heum)- With the increasing cumulative irradiation H,,,,,,

the difference between the simulated and measured V\;pp approaches 0 V. b) A smaller set of

AVyypp results for five selected days (March 7t — 9t 11t and 12th). The average daily operating temperature of the tandem device (T,,) is also stated.
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Figure 7. Measured (blue dots) and ideal simulated (red curve) Vypp values of the PK-Si tandem device over the course of six days in March 2022. For
better visualization, the Vy,pp data are presented from 1V onwards. Also shown are the modelled Vypp values that include light-soaking effect obtained
by using Equation (1) (green curve; A= 0.2V, 7 = 1.5354 kWh m~2) and Equation (2) (orange curve; A = 0.2V, B = 6.99%107 (kWh m=2)-1, E, =
0.4616 eV) as well as measured device operating temperature and incident irradiance.

implemented into the EY modelling algorithm. We selected sev-
eral days in March 2022 and calculated the difference between the
simulated and measured Vypp (AVypp = Vippsim = Vivpp.meas)-
For each data point, we also calculated the cumulative irradiation

H_,(t) that was intercepted by the tandem device from sunrise
t 1200 nm
up to the given time of day: H_,,(t) = Y, ( / GTI(4)d4)- At
sunrise 300 nm
where 4 is the wavelength of the incoming light, t represents the
data point’s time of day and At denotes the measurement res-
olution. The relation between AVy,p, and H,,, is presented in
Figure 6a). As expected, with increasing cumulative irradiation
H_,,, the cell becomes more and more light-soaked, and the dif-
ference between the simulated and measured Vyppp approaches
ov.

For the initial approximation, the correlation between the LSE-
induced voltage deficit AV, and cumulative irradiation can be
modelled by fitting the data points presented in Figure 6a) with
an exponential decay function (black line):

chm

AVypp = Ae” -

(1)

The comparison between the measured (blue dots) Vypp and
simulated (green curve) values with LSE is presented in Figure 7
together with simulated V,,p; values without LSE (red curve) and
device operating conditions. While an improvement in agree-
mentis achieved, there are nevertheless significant discrepancies
between the results in certain conditions, presumably stemming
from the scattered points around the fit in Figure 6a).

It was shown in previous reports,['”?3] that under STC con-
ditions, the LSE is affected not only by irradiation but also by

the device temperature. Indeed, this can already be observed in
Figure 4a) for sunny days, where measured results begin to agree
with the simulations at different times each day, despite almost
identical irradiance conditions. We attribute this to the difference
in daily T, profiles. We selected and replotted a smaller set of
previously presented A V,;p results that represents five days with
very similar irradiance conditions, yet notably different LSE dy-
namics, as clearly shown in Figure 6b). It can be noticed that
AVypp declines faster at higher average daily operating tempera-
ture (T; the calculated values are indicated in Figure 6b)), show-
ing that the LSE is accelerated by the temperature. Following this
observation, we upgraded Equation (1) so that the rate constant =
varies with temperature according to the Arrhenius equation,*’!
as given in Equation (2), where k; represents the Boltzmann
constant:

E,
chm 2

AVypp = A+ %: Be T ()

Once again, constants A, B, and E, were selected to best fit
the data points in Figure 6b), and the model was implemented in
our EY algorithm. The simulated V,;, results obtained by using
the upgraded model are presented in Figure 7 (orange curve) to-
gether with previous results. A much better agreement with the
experimental values can now be observed in all cases, demon-
strating the importance of including T, in the LSE model. The
remaining small discrepancy between the model and measure-
ments can be attributed to other factors, for example, the spread
of measured MPP values due to changing environmental con-
ditions, or the impact of the history of device conditions longer
than just one day. However, we did not investigate these factors

Table 1. Summary of numerical results for both solar cells and for each of the four geographical locations from distinct KGPV zones.[3¢] Tabulated are
the yearly EY values with and without LSE as well as the relative energy losses associated with the effect.

Solar cell PK-Si tandem PK single-junction

Orientation optimal vertical optimal

Location EY without LSE EY with LSE LSE losses  EY without LSE EY with LSE LSE losses  EY without LSE EY with LSE LSE losses
(kWh m=?] [kWh m=2] (%] (kWh m=?] [kWh m~?] %] (kWh m-?] [kWh m~?] (%]

Panama 463.2 457.1 1.3 161.6 155.3 3.9 313.4 307.0 2.0

Denver 524.4 511.6 2.4 317.2 305.2 3.8 3415 328.4 3.8

Atlanta 477.8 468.7 1.9 252.1 243.5 3.4 319.3 309.7 3.0

Columbus 420.0 406.9 3.1 239.8 228.1 4.9 280.8 266.9 4.9
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Figure 8. a) The relative distribution of the calculated location-specific yearly LSE losses over different months of the year for the PK-Si tandem solar cell
in optimal and vertical open-rack configuration as well as for the PK single-junction solar cell in optimal orientation. b) The absolute distribution of the

location-specific monthly LSE losses for the PK-Si tandem solar cell.

further since we wanted to keep the model relatively simple, and
especially since the discrepancy between the simulated and mea-
sured generated energy is already less than 0.25% for the case of
the selected six days and less than 0.8% for the case of the ex-
tended period of three consecutive weeks (Feb 18™ — Mar 12%).
A similarly good agreement for S] FAPbI, PK solar cell is shown
in (Figure S5, Supporting Information).

It should be noted that the presented analysis was performed
for a time period where the devices (both tandem and SJ) did not
show any irreversible degradation. However, under prolonged
outdoor operation, solar cells are subjected to different degrada-
tion mechanisms which also affect the LSE dynamics and thus
the parameter values used in Equation (2). In this contribution,
we focused only on the metastability detection, quantification,
and methodology of its inclusion into the energy yield model. The
irreversible degradation and its influence on different aspects of
the device outdoor operation, including the light-soaking effect,
go beyond the scope of this contribution and will be regarded in
future work.

4. Analysis of Long-Term LSE Losses

Finally, the comprehensive EY modelling algorithm upgraded
with LSE metastability was used to study the long-term energy
losses in different environmental conditions (geographical lo-
cations). The LSE dynamics was modelled according to Equa-
tion (2), where it was assumed that the parameters of the decay
functions do not change in time. No other degradation mecha-
nisms beyond LSE were taken into consideration.

We analyzed the following two PV devices, a) the complete PK-
Si tandem solar cell investigated in the previous section, and b)
a high bandgap triple-cation single-junction PK solar cell that
represents the top sub-cell of the tandem device. Four North
America-based geographical locations were selected from dif-
ferent climate zones according to the Képpen-Geiger (KGPV)
classification(*®! (zone designations are provided in parentheses):
Panama (AH), Denver (CH), Atlanta (DH), and Columbus (DM).
The selected zones have very different environmental conditions
and cover a large area of the USA as well as Europe. All relevant
meteorological data (spectrally-resolved GTI and DNI, ambient

Adv. Energy Mater. 2024, 14, 2304452 2304452 (8 of 10)

temperature, wind speed) were obtained from the National So-
lar Radiation Database!*’! for each installation of the devices. It
should be noted that Berlin, from where the outdoor measure-
ments presented in previous sections were acquired, belongs to
the DL KGPV climate zone. The latter has similar environmen-
tal conditions to the DM zone, however it has even lower yearly
insolation and ambient temperatures.

The extent of the LSE losses for each of the two devices and for
each of the selected locations was first evaluated on a yearly basis.
Both devices were studied in optimal location-specific open-rack
orientation, whereas for the case of the tandem cell also verti-
cal configuration was considered. The results are summarized in
Table 1. For the case of optimal orientation, it can be observed
that minimal LSE losses are achieved in Panama for both devices
(1.3% for the tandem and 2.0% for the single-junction device).
This was expected since Panama represents a location with rel-
atively high insolation and ambient temperature throughout the
whole year. Both influence the LSE dynamics in a favorable way
from the device performance viewpoint. In contrast, the device
installed in Columbus would experience nearly 3 times higher
yearly LSE losses (3.1% and 4.9%, respectively) due to the less
favorable conditions;, i.e., less sun and lower temperature. In all
cases, we notice that the LSE losses are much lower in the tandem
device, although both cells experience the same LSE dynamics.
The reason for this is in the bottom Si sub-cell, which in a PK-
Si tandem device contributes one-third of the total output energy
and does not exhibit LSE. The results corresponding to the ver-
tical configuration show that even without considering the LSE,
the generated energy of the tandem cell is reduced by more than
40% in all selected locations due to a decrease in incoming solar
energy. The yearly LSE losses are increased accordingly, which is
especially notable in the case of Panama (3 times higher) since
the difference between the optimal (13°) and the vertical (90°) in-
clination of the device is the largest there. Denver has the smallest
difference between the inclination angles and thus the smallest
increase in yearly LSE losses.

Due to the pronounced influence of the LSE dynamics on the
environmental conditions, it is expected that the seasonal varia-
tions also affect how LSE losses are distributed over the year. To
confirm and further investigate this phenomenon, we calculated

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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the relative distribution of yearly LSE losses over the months. The
results are presented in Figure 8a) for the PK-Si tandem solar
cell in optimal and vertical open-rack configuration as well as for
the SJ PK solar cell in optimal orientation (refer to Figure S6,
Supporting Information for absolute distribution of yearly LSE
losses over the months). In all three device-type/installation
cases, we get a very similar relative distribution of losses regard-
less of the geographical location. Moreover, the practically iden-
tical relative distribution also applies to the devices installed in
seasonal conditioned climates, represented by Denver, Atlanta,
and Columbus. The results for these three locations indicate that
during winter months, the contribution to total yearly losses is &~
three times higher compared to the summer months due to sig-
nificantly lower insolation, which is directly related to the combi-
nation of total irradiance and ambient temperature. By contrast,
since Panama is located near the equator, the seasonal variations
in environmental conditions are very small, which results in a
near-uniform relative distribution of LSE losses.

Finally, the extent of LSE losses can also be evaluated on a
monthly basis, which can be important for season-based inves-
tigation and optimization of device operation. For this purpose,
we calculated the ratio between the energy lost due to the LSE
and the ideal energy generated within each month, as plotted
in Figure 8b) for the PK-Si tandem device. For each selected
geographical location except Panama, it is evident that in winter
the device can lose a notable amount of the potentially generated
energy due to LSE. This is especially evident for Columbus (Lat.
40° N), which is a geographical location with a distinctly seasonal
conditioned climate. With monthly LSE losses of over 8% in win-
ter, they are more than seven times larger than those in summer.

5. Conclusion

Reliable outdoor operation of perovskite-based solar cell with im-
proved long-term stability is crucial for the industrialization of
the technology; however, reports of thorough outdoor testing and
in-depth analysis of the results are still lacking. In this work, we
demonstrated long-term (several months up to 2.5 years) out-
door monitoring data of several single-junction perovskite and
perovskite-silicon tandem devices under MPP conditions. Both
types exhibited promising stability, especially S] devices with 65%
of the initial PCE_ .., retained after 2.5 years of testing. In both
types of devices, however, a peculiar behavior can be observed in
the morning hours, particularly on cloudy days, where the solar
cell performance is at first lower than expected, but then gradu-
ally recovers to the initial STC performance during the day un-
der sunlight. We attribute this to the metastable process of night-
time degradation and the subsequent light-induced recovery of
the perovskite material, which is known as the light-soaking ef-
fect, LSE.

To extract the parameters of LSE from outdoor measure-
ments, we applied a state-of-the-art EY model calibrated with the
specifics of fresh, fully light-soaked SJ and tandem solar cells
that served as the LSE-free reference to which the measured data
are compared. This enabled us to quantify the energy production
losses associated with the metastability in a PK-Si tandem device
operating in real-world conditions in Berlin over the course of
three consecutive weeks, which amount to a total of 6%. Addi-
tional analysis of the results revealed that the voltage drop and
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the rate of recovery associated with the LSE depends on the daily
cumulative irradiation as well as the operating temperature, and
all three parameters can be empirically interconnected using an
Arrhenius equation.

In the final part of our study, we incorporated the empirical
relation of the LSE dynamics into our EY model, which allowed
us, for the first time, to model long-term real-world device
operation by taking the effects of the studied metastability fully
into account. Using the upgraded EY model, we analyzed the
energy harvesting losses associated with the LSE over the course
of one typical meteorological year, for different types of devices
operating in different geographical locations and in different ori-
entation/installation cases. Results showed that, depending on
the location/climate, yearly LSE losses can amount to up to 3%
in an optimally oriented PK-Si tandem solar cell, and monthly
even up to 8%. This not only highlights the notable impact of
LSE and the necessity for its accurate evaluation, but also reveals
that in geographic regions with pronounced seasonal variations,
wintertime performance of perovskite-based solar cells can be
significantly lower than summertime performance — contrary to
conventional PV technologies. With the presented methodology
of combined outdoor measurement and EY modelling, both can
be easily evaluated, leading to faster development of perovskite
solar cells on their road towards commercialization.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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