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Abstract: Organic–inorganic hybrid metal halide perovskites are poised to revolutionize the next
generation of photovoltaics with their exceptional optoelectronic properties and compatibility with
low-cost and large-scale fabrication methods. Since perovskite tends to degrade over short time inter-
vals due to various parameters (oxygen, humidity, light, and temperature), advanced characterization
methods are needed to understand their degradation mechanisms. In this context, investigation of
the electrical and optoelectronic properties of several perovskite mini-modules was performed by
means of photo- and electroluminescence imaging as well as Dark Lock-In Thermography methods.
Current–voltage curves at periodic time intervals and External Quantum Efficiency measurements
were implemented alongside other measurements to reveal correlations between the electrical and
radiative properties of the solar cells. The different imaging techniques used in this study reveal the
changes in radiative emission processes and how those are correlated with performance. Alongside
the indoor optoelectronic characterization of perovskite reference samples, the outdoor monitoring
of two perovskite modules of the same structure for 23 weeks is reported. Significant performance
degradation is presented outdoors from the first week of testing for both samples under test. The
evolution of the major electrical characteristics of the mini-modules and the diurnal changes were
studied in detail. Finally, dark storage recovery studies after outdoor exposure were implemented to
investigate changes in the major electrical parameters.

Keywords: perovskite; optical and electrical characterization; degradation; outdoor performance

1. Introduction

The leap forward in power conversion efficiency (PCE) enabled by lead halide per-
ovskites is unprecedented, with PCEs starting from 3.8% in its first study to a current
certified value of 25.5% in single-junction and 33.7% in perovskite–silicon tandem de-
vices [1]. The main challenge for the successful commercialization of perovskite solar cells
is to achieve high stability at the module level [2,3]. The commercially available solar
modules undergo a series of characterization procedures that analyze their properties
and ensure their quality [4]. However, these procedures and protocols cannot unam-
biguously be applied to perovskite solar modules (PSMs), due to their unpredictable
degradation mechanisms.

Optical techniques such as electroluminescence (EL), photoluminescence (PL), and
transient absorption spectroscopy [5] are valuable and non-destructive measurement tech-
niques for the investigation of local radiative/non-radiative charge recombination pro-
cesses, thus allowing the investigation of cracks, defects, shunts, and stacking faults in cells
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and modules. Larger-scale defects and shunts comprise variations of series resistances,
stoichiometry variations, and differences in interface recombination properties [6–9].

So far, only a limited number of studies have been conducted on outdoor perfor-
mance monitoring of perovskite-based devices [10–15]. Outdoor stability testing has been
reported for different types of perovskite devices, including single-junction cells [16,17],
modules [12,18], and tandem cells [19,20]. A systematic investigation of perovskite perfor-
mance and measurements under real outdoor conditions and related with indoor character-
ization studies is still needed to reach commercialization.

In the presented work, we employed both indoor optoelectronic characterization
methods and investigation of stability outdoors to understand the degradation of perovskite
mini-modules. Understanding the radiative properties as well as the evolution of electrical
characteristics of perovskite outdoors is required for improving knowledge of these devices
and maximizing the cell’s efficiency.

2. Materials and Methods
2.1. Perovskite Mini-Modules

The perovskite mini-modules studied presented a double-cation/double-halide per-
ovskite active layer with the composition Cs0.18FA0.82PbI2.82Br0.18. To make large-area
devices, the mini-modules were produced by laser scribing, to generate 7 sub-cells con-
nected in series. To prevent penetration of metallic particles of the top electrode into the soft
perovskite layer, ITO (indium–tin–oxide) was used. ITO was also selected as a top electrode
to obtain semi-transparent modules. The module stack was as follows: glass/ITO/hole
transport layer (HTL)/560 nm 2C perovskite with a bandgap of 1.6 eV/electron transport
layer (ETL)/ITO/glass. The hole transport layer (HTL) and perovskite layer were processed
from the solution by spin coating. PTAA (poly(triaryl amine)) was employed as the HTL. A
combination of LiF/C60/BCP was chosen as the ETL. Fullerene (C60) is well known as an
ETL, while the LiF improved the perovskite/C60 interface and BCP improved the energy
level alignment between C60 and the metal electrode.

Figure 1 depicts the structure of the perovskite sub-cell and the cross-section of the
mini-module. Figure 2 shows the front and back sides of one perovskite mini-module
(substrate size: 10 cm × 10 cm and active area size: 2 cm × 2 cm). Four perovskite mini-
modules (labeled as S9, S10, S11, and S12) were utilized as reference samples and kept
indoors (in the dark) under ambient conditions for frequent characterization using DLIT,
EL, and PL methods alongside IV measurements. Two identical samples to those used
indoors (labeled as S6 and S7) were characterized outdoors from August 2021 until January
2022. The initial electrical characteristics of all the perovskite mini-module samples are
demonstrated in Table 1. The results are presented in Section 3.1.
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Figure 2. Perovskite mini-module: front side (left) and back side (right).

Table 1. Initial IV measurement results of the mini-modules S9, 10, 11, and 12 (measurement
uncertainty is ±5.31% of PMPP, ±3.08% of ISC, ±3.02% of VOC, and ±3.1% of FF) caused by the
metastable behavior of perovskites and the high capacitive effects).

ISC
[mA]

VOC
[V]

FF
[%] PMPP [mW] Jsc [mA/cm2]

S9 10.26 7.789 42.91 34.29 13.10

S10 10.56 6.106 39.70 25.59 13.48

S11 10.37 5.260 37.60 20.50 13.24

S12 10.44 6.993 40.60 29.64 13.33

2.2. Indoor Measurement Systems

The current–voltage characteristic of the control modules was measured at AIT with
the TRI-SOL Solar Simulator, Class AAA, Xe Arc Lamp with 100 mW/cm2 power output.
The current at the contacts of the cell was collected by using a Keithley 2651A source
meter and by applying ivRider software. The temperature of the control samples was kept
at 25 ◦C. The PL and EL system built up at AIT consists of a sensitive Si-CCD camera
(300 nm to 1000 nm wavelength window). For PL, different LED arrays with peak wave-
lengths from 525 nm to 840 nm are available. Each LED spectrum was chosen to have a
negligible overlap with the luminescence spectrum (950–1200 nm). In the AIT setup, the
camera is placed on the same side as the LED arrays. This requires good filtering, as a
large portion of the excitation light is reflected on the wafer and strikes the camera. This
is performed by a two-step filter, of which one is a custom-made anti-reflex-coated GaAs
wafer, which is transparent in the range of the emitted PL photons. The second filter is a
normal LP optical filter in front of the camera.

The EQE apparatus at AIT is a turn-key solution PVE300 from Bentham. The system
consists of a 100 W QTH lamp. The wavelength range is between 300 nm and 2500 nm. It is
temperature controlled with a range of 15 ◦C to 65 ◦C.

2.3. Outdoor Measurement Systems

The samples labeled as S5, S6, and S7 were monitored over the period between August
2021 and January 2022 (see Figure 3). During this period, the modules were removed
from the field for almost three weeks (in November 2021 and December 2021) for indoor
measurements and then located back in the field. The perovskite devices were mounted
outdoors in a fixed plane array, and current–voltage (IV) measurements were collected
every ten minutes.

Between IV scans, the modules were left at open-circuit voltage (Voc). Both forward
(<0 V to >Voc) and reverse (>Voc to <0 V) voltage sweeps were applied to the devices for
the IV collection. A forward-first voltage sweep strategy was used in all instances since
that was found to minimize hysteresis effects in the samples under test. The voltage sweep
rate was chosen to be 1 V/s. The voltage scan rate is a key factor of the hysteresis [21]
and should be carefully investigated for each perovskite technology device before field
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operation. The selection of the sweep rate value was based on taking into consideration
indoor studies of perovskite modules at different sweep rates. Indoor studies demonstrated
non-significant changes in IV parameters in a range between 0.3 V/s and 2 V/s. Therefore,
the IV curves outdoors were set to be acquired as fast as possible (1 V/s) to avoid being
affected by any sudden fluctuations in ambient conditions (e.g., irradiance changes due to
clouds) that would considerably introduce significant measurement artifacts during our
outdoor IV monitoring.
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Alongside the IV traces from the devices, environmental sensors were used to collect
solar irradiance in the plane of array, ambient and device temperature, wind velocity,
and humidity/precipitation levels. The electrical measurements were acquired by a single
current–voltage source-meter multiplexed to take sequential measurements from the testing
devices. LabVIEW software was designed to record the IV traces every ten minutes at high
global normal irradiance (GNI) conditions (GNI > 400 W/m2).

3. Results
3.1. Perovskite Mini-Modules—Indoor Results

Dark storage studies were performed over a period of three years on perovskite
mini-modules according to the ISOS-D protocol [22] to provide information regarding the
stability of the perovskites in the absence of light but in the presence of oxygen, moisture,
and other atmospheric components naturally present in the air. Four perovskite mini-
modules (S9, S10, S11, and S12) were kept indoors at room temperature and measured
at regular time intervals with several methods such as EL/PL/DLIT/IV and sometimes
Raman spectroscopy. The same methodology was followed for the indoor characteri-
zation of the samples to target reliable stability assessment of the mini-modules. The
modules were stored in the dark at ambient temperature conditions between measure-
ments. As can be seen in Figure 4, the mini-modules present different trends in their power
output evolution over time. The application of the different characterization techniques
(EL/PL/DLIT/Raman) during the dark storage of the modules and the impact of several
environmental factors (humidity, oxygen, and temperature) have different impacts on the
intrinsic stability and the electrical characteristics of each device, and this is the major rea-
son for the different power output evolutions among the perovskite devices. The changes
observed in the output power of the devices were found to be sometimes reversible and
in other cases irreversible. Mini-module S9 was found not to be affected by any of the
characterization techniques applied to the samples over the years. Module S9 was found
to be the most stable structure, with a power change of only 15% over almost three years
of frequent indoor IV testing. On the other hand, module S11 was affected by Raman
spectroscopy measurements in spring 2022 and this led to a power output increase in the
sample. Module S10 was found to degrade after the implementation of the same type of
measurements in spring 2022.
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It is worth noting that the differences between the output power of the samples at the
beginning, in 07/21, were caused by some difficulties in device preparation.

The initial electrical characteristics of the mini-modules S9, S10, S11, and S12 were
ascertained after their delivery to AIT (see Table 1). Moreover, spatially resolved EL images
were collected from the samples to detect the presence of defects and shunts or inactive
cells in the devices (see Figure 5). All devices present EL inhomogeneities in their active
cells, while in some samples, some cells present no illumination, indicating their inability
to produce sufficient radiative recombination even in their pristine state. The spatially
resolved EL images of the modules collected after their delivery to AIT are shown in
Figure 6.
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measurements in October 2021.

One important observation arising from the systematic investigation of the spatially
resolved EL images is the change in the radiative emission from samples after the im-
plementation of other optical measurements (DLIT, Raman spectroscopy, etc.) on them.
A characteristic example is the change in the EL image of module S10 after the DLIT
measurements were conducted on the sample (see Figure 6). After DLIT measurements
in that sample, an interrupted contact was reactivated, thus resulting in the radiative
activation of one cell in the mini-module (after DLIT measurement, there was only one
inactive cell instead of two). DLIT measurements might put a great strain on the modules,
with the potential to induce degradation, interrupt electrical contact, or even re-establish
broken contacts.
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The changes in the major electrical parameters of the module before and after the
implementation of DLIT measurements can be found in Table 2. A systematic investigation
of IV measurements in that specific sample revealed a subsequent return of the power
values to those that existed before DLIT measurements (see Table 3).
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Table 2. IV measurement results of the mini-module “S10” before and after DLIT measurement
(10/21).

Mini-Module ISC [mA] VOC [V] FF [%] PMPP [mW] Jsc [mA/cm2]

S10 10.56 6.106 39.70 25.59 13.48

S10 DLIT 10.39 6.756 39.81 27.94 13.27

After the performance of some optical measurements in April 2022, mini-module S10
was completely degraded (see Figure 6).

Changes in the power output after Raman measurements were detected in mini-
module S11. A power increase was obtained after Raman testing in the sample be-
tween February and April 2022 (see Figure 4), indicating that the output characteris-
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tics of the perovskites are sensitive to electrical and optical measurements due to their
metastable behavior.

Table 3. IV measurements on “S10”.

Mini-Module ISC [mA] VOC [V] FF [%] PMPP [mW] Jsc [mA/cm2]

S10 initial value 10.56 6.106 39.70 25.59 13.48

S10 DLIT October 2021 10.39 6.756 39.81 27.94 13.27

S10 November 2021 10.48 6.748 38.18 26.99 13.38

S10 December 2021 10.41 6.737 37.31 26.18 13.30

S10 January 2022 10.43 6.764 36.95 25.78 13.17

S10 February 2022 10.45 6.843 34.80 24.89 13.35

S10 March 2022 10.38 6.397 34.73 23.07 13.26

Systematic EL and PL Measurements of Control Samples

EL measurements of mini-modules S9, S10, and S12 were implemented in September
2021 and February 2024 to reveal the changes in shunt/defect evolutions in the samples.
The results are shown in Figure 6. It is worth noting that the same voltage was applied to the
samples during EL testing on both dates (September 2021 and February 2024). Additionally,
PL measurements (with green LEDs: 500–570 nm) were performed (see Figure 6).

EL images after three years of dark storage demonstrate lower emissions and more
inhomogeneities within the modules. In mini-modules S9 and S10, the reduction in radia-
tive emission is more pronounced at the edges of the modules. The power measurements
over the three years (see Figure 4) show a slight decrease in power and an increase in
series resistance. Significant differences in stability among different samples were iden-
tified. The lack of stability of perovskite materials is a well-known issue [23], and it has
been shown that, at the device level, several degradations occur simultaneously at various
interfaces. Moisture, UV light, hot temperatures, and exposure to the outside air can all
directly contribute to these degradations. The causes of the stability issue can thus be
determined to be intrinsic stability, moisture ingress, oxygen ingress, and illumination-
accelerated decomposition [24]. Intrinsic stability refers to the chemical and structural
stability of devices throughout a wide range of photovoltaic working conditions in the
presence of contaminants, particularly oxygen and water, which were introduced into
the device during production. Extrinsic stability is concerned with the failures of sealing
and moisture-blocking layers. Under normal conditions, degradation mechanisms are
activated or accelerated. The aforementioned conditions may also contribute to the mate-
rial’s disintegration of the organic layer, top electrode instability, photo-degradation, and
crystallization instability. Numerous degradations can begin even in the absence of water
or oxygen due to the intrinsic deterioration produced by thermal stress or illumination.
Both the employed charged transport material’s instability and the inherent instability of
the perovskite material are to blame for the stability drawbacks [25].

3.2. Outdoor Testing Results of the Mini-Modules

All modules exposed outdoors presented a rapid drop in performance (see Figure 7a)
during the first days of exposure. The mean value of efficiency on the first day of exposure
was set as the starting point for the normalization in Figure 7a. Perovskite mini-modules
presented a continuous and significant drop in their efficiency until it stabilized after the
60th day of exposure. The initial decay of the performance efficiency in perovskite devices
is known as “burn-in” degradation [26], and previous reports demonstrated that this is
closely related to the current extraction, non-radiative recombination, and charge transport
processes [27].
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Figure 7. Efficiency degradation of modules (a) against time of exposure and (b) after one week of
outdoor testing.

For a better understanding of the performance degradation of the modules over the
first days of outdoor exposure, the power conversion efficiency loss was calculated for
each module over the first week of testing. The graph in Figure 7b demonstrates that the
modules presented a reduction in efficiency up to 45% of their initial values during the first
week of testing. During this period, the mean module temperature was around 49.6 ◦C, and
the total weekly solar irradiation received by the modules was 41.25 kWh/m2. This module
temperature measurement was collected only during the collection of current–voltage
characteristics of the modules at irradiance values higher than 400 W/m2.

It is worth noting that no visible degradation due to humidity ingress inside the
encapsulant material was observed in any modules under testing. A typical example of
the IV curves presented during the first days of testing (at early degradation stages) is
demonstrated in Figure 8.
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To identify the root cause of the efficiency degradation of the modules, the electrical
parameters of the modules were studied over the testing period. The evolution of short-
circuit and open-circuit voltage over the 23 weeks of outdoor operation is depicted in
Figure 9. The decrease in power conversion efficiency of the modules is linked to a
significant reduction in current output. The perovskite mini-modules present a current
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exponential reduction from their first day of operation outdoors. A current reduction of
50% occurs in perovskite devices in only 14 days of outdoor testing. Voltage losses were
much lower than current losses in all modules tested outdoors.
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mini-modules under testing.

The modules were uninstalled from the field on the 23rd of November (day 91) and
then located back on the 10th of December (day 108). A significant performance recovery
occurred in the mini-modules during their storage in the dark, and thus higher performance
was detected after their installation in the field on day 108. To examine the root cause of
performance recovery, the short-circuit and open-circuit voltage recovery were calculated.
The short-circuit recovery in modules S6 and S7 was found to be 6.2% and 6.8%, respectively,
while the open-circuit recovery was found to be much lower (1.0% and 0.7%). The results
provide an indication that current is the major origin of performance recovery in the
modules under testing, and this is related to the ion migration and charge redistribution in
the material in the dark.

The efficiency of the perovskite modules changes over the course of a day. The diurnal
efficiency degradation of the modules under test was calculated for each day in the field to
investigate any possible trend with efficiency value. The diurnal efficiency degradation
was calculated based on the efficiency values at the beginning and the end of each day at
the same irradiation conditions (400 W/m2). The values were normalized to the initial
efficiency value to have comparable results. More details regarding this approach can
be found in the diurnal efficiency degradation versus efficiency for the samples exposed
outdoors graph, which can be found in Figure 10. Diurnal performance degradation values
of up to 2.5% were found over the timespan of the outdoor studies. High diurnal efficiency
degradation is detected at higher efficiency values in modules tested outdoors, and a linear
relationship is present between those quantities. Accelerated performance degradation
occurs in modules from the first days of exposure, leaving the modules with low overall
efficiency after some days of testing, which show lower diurnal changes in efficiency.

The hysteresis index was then calculated to study any correlation of hysteresis with the
degradation stage. The hysteresis index was introduced in previous papers for quantifying
hysteresis in perovskite solar cells [28]. Previous works reported that hysteresis is due
to the interaction of the mobile ionic species with the external bias, which can affect the
built-in field and modify the energetic environment of the interfaces [29]. For a more precise
analysis of the results, the hourly dependence of the electrical characteristics was studied,
and the data were separated into morning and evening acquisition. The morning hours
correspond to the data collected until 12 p.m. noon while the evening hours correspond
to the data collected after 12 p.m. noon. The evolution of the hysteresis index at different
months of testing is depicted in Figure 11.
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Figure 11. The hysteresis index at different months of outdoor exposure for modules (a) S6 and
(b) S7. The data are separated into morning (before 12 a.m.) and evening acquisition (after 12 a.m.)
for more detailed analysis.

Figure 11 demonstrates a significant increase in hysteresis during the second month
of testing in both samples investigated outdoors due to the significant increase in defect
and ion accumulation in the devices. The increase in hysteresis index is present during
the third month (M3) in module S7. However, this is not obtained in module S6 for
unclarified reasons. Both samples present a significant decrease in the hysteresis index in
the fourth month (M4) of testing, which is the month after the samples were kept indoors
for two weeks. This might be attributed to the self-healing of the light-activated trap
states in the dark that act as ion accumulation centers [30]. The hysteresis index is then
returned to higher values at month 5 due to the formation of light-activated trap states
after some time of light soaking outdoors. It is worth noting that a larger deviation of
the hysteresis index values occurs during the first month of testing due to the significant
performance degradation that occurs that month and consequently larger changes in the
hysteresis index.

One important observation arising from Figure 11 is the presence of a negative hystere-
sis index in some cases. Negative capacitance and inverted hysteresis effects in perovskite
devices have been reported before [31]. In an attempt to find the origin of the negative
hysteresis index in the perovskite mini-modules, all the instances of negative hysteresis
were gathered alongside the environmental conditions presented during those cases. The
negative hysteresis index instances were found to be attributed to rapid and significant
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changes in irradiance levels during the IV collection, resulting in an overestimation of the
forward sweep of the IV curve over the reverse sweep.

The environmental conditions present over the testing period of outdoor exposure
were recorded at regular time intervals. Particularly, data such as global normal irradiance
(GNI), ambient temperature, and relative humidity were acquired every 5 min. The total
irradiation received by the devices over time and the average ambient temperature present
during the outdoor exposure of the two batches are plotted in Figure 12.
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4. Conclusions

In this work, both indoor optoelectronic characterization methods and investigations
of outdoor stability were employed to understand the degradation of perovskite cells and
mini-modules. Initial defects and shunts were identified by EL, PL, and IV measurements,
and it turned out that significant differences in degradation occured in perovskites tested
indoors and outdoors. Indoor studies revealed that the degradation is much lower than
assumed. These are very good results, which predict a successful future for the use of
perovskites. It should be noted that some indoor measurements (DLIT and Raman) led to
an increase or decrease in power, partly reversible but also irreversible. Thus, perovskites
are very sensitive to some optical measurements. Concerning outdoor measurements,
the defect and shunt evolutions were obtained with the degradation stage. Performance
reduction of up to 45% was observed in perovskite devices tested outdoors. The diurnal
performance degradation of the perovskite devices tested outdoors was found to be higher
at early degradation stages, while changes in the hysteresis index were obtained with
light soaking outdoors and dark storage in the dark. The higher irradiation and ambient
temperature present during summer months were found to cause accelerated efficiency
degradation in the modules. This fact provides evidence that module lifetime depends on
the temperature and irradiance levels during the first days of testing and that their values
are critical for the perovskite module operation.

Further indoor tests and outdoor tests of differently structured perovskite samples
and perovskite tandem cells need to be performed to identify more defects and thus be able
to improve the perovskite cell and module structure.
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