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A B S T R A C T   

In this study, we conducted outdoor exposure testing and investigated the degradation mechanism of perovskite 
solar cells deployed in the field. We conducted a detailed failure analysis to identify specific degradation modes 
induced by outdoor exposure, using current–voltage curve measurements, maximum power evaluation, and 
mobile-ion analysis. This analysis revealed a significant change in the ion-migration current response of the 
devices after exposure. These changes suggest that the modification of mobile ions and formation of defects 
within the perovskite materials are likely the primary causes of degradation. Additionally, we compared the solar 
cell characteristics observed after the field test with the results of controlled indoor accelerated stress tests, which 
included exposure to visible light, ultraviolet (UV) irradiation, and thermal stress. Our findings highlight that the 
degradation patterns induced by UV irradiation at elevated temperatures closely resemble those caused by 
outdoor stress. We also discuss indoor test conditions that replicate the degradation phenomena experienced 
during outdoor exposure. This ability to replicate outdoor degradation phenomena under laboratory conditions is 
crucial for accelerating the development of robust and durable perovskite solar cells.   

1. Introduction 

Recent advancements have significantly enhanced the power con-
version efficiency of metal-halide perovskite solar cells (PSCs). How-
ever, the reliability of these devices under prolonged outdoor conditions 
remains a major obstacle to their commercialisation [1,2]. Several 
research institutions have undertaken outdoor exposure tests to gain 
insights into operational stability and identify degradation mechanisms 
[3–5]. PSCs exhibit different light-soaking behaviours and degradation 
rates under illumination, depending on their material characteristics 
[6]. In some cases, reversible power loss and enhancement, known as 
‘metastability’, may occur, while in other instances, changes may be 
irreversible. The complexity and variability of degradation behaviours 
pose significant challenges in reproducing and comparing results, hin-
dering a comprehensive understanding of PSC degradation mechanisms. 

Performance measurements of devices exposed to outdoor conditions 
have been conducted to evaluate the energy yield of PSCs under realistic 
circumstances [7]. The influence of spectral irradiance on power gen-
eration was investigated for different spectra during the day [8]. Out-
door performance testing has shown that perovskite solar panels can 

operate for more than eight months [3], although a separate six-month 
experiment has shown that the open-circuit voltage maintains its initial 
value while the fill factor degrades [4]. 

For modules that underwent degradation due to field exposure or 
accelerated stress testing, it is important to understand the specific 
changes within the module that resulted in a decrease in peak power [9]. 
Several methods have been used to better comprehend the issues within 
a module. Current–voltage (I–V) curves and luminescence measure-
ments [10] have been widely used for failure mode analysis. An analysis 
of the ideality factor in the I–V curve has revealed degradation associ-
ated with modified recombination mechanisms [11]. Additionally, 
irreversible mechanisms stem from the corrosion of the silver metal top 
contact, leading to the formation of silver iodide [4]. Mobile halogen 
ions react with the electron-transport layer under reverse bias, causing 
device degradation in PSCs [12]. In contrast to conventional Si solar 
cells, PSCs contain numerous defects and mobile ions [13]. Ion migra-
tion, which results in a reaction between migrated ions and 
hole-transport layers and electrodes, is considered a primary contributor 
to device degradation [4,14]. Given that the presence of mobile ions is a 
unique feature of PSCs compared to conventional Si solar cells, 
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mobile-ion analysis has been introduced in the literatures [15–17]. 
Indeed, mobile-ion concentrations increase with temperature and can 
influence the power reduction under illumination, as evidenced by the 
ion-migration current [18]. The degradation mechanism is closely 
linked to ion migration within the perovskite and is largely reversible 
overnight, though it induces hysteresis over time [4]. While 
light-induced ion migration can lead to material degradation, it also 
plays a beneficial role in defect healing [19]. Additionally, there has 
been discussion about oxygen-induced reversible changes in devices 
containing Spiro-OMeTAD, which contains numerous mobile ions 
[20–22]. 

Before examining durability and reliability, it is essential to conduct 
stability testing to assess the performance of PSCs in detecting slight 
degradations due to stressors. However, in the case of PSCs, a protocol 
for evaluating ‘reproducible’ performance has not been established due 
to the presence of mobile ions, which can result in metastability and 
make it difficult to evaluate the stabilised power conversion efficiencies. 
To address this issue, light–dark cycle analysis have been utilised to 
evaluate energy yield and compare it with real-time outdoor exposure 
[23]. This analysis simulates real-world temperature and illumination 
operating conditions [24]. The light–dark cycle is one of the test pro-
tocols proposed in International Summit on Organic PV Stability (ISOS) 
procedures [25]. Light–dark cycle analysis has been extended to an 
accelerated stress test that utilizes UV light–dark cycles, specifically 
designed for the metastable nature of PSCs [26]. Thus, light–dark cycle 
analysis and diurnal energy yield estimation can serve as valuable tools 
for assessing the performance of metastable PSCs. 

To assess the durability and reliability of emerging PV technologies 
such as PSCs, it is essential to establish a testing protocol that can 
consistently and reproducibly demonstrate degradation. Hence, the 
development of accelerated testing methods that can provide a mean-
ingful comparison with outdoor exposure tests and accurately replicate 
outdoor stress conditions in a laboratory environment is of paramount 
importance. While elevated temperatures, as part of accelerated stresses, 
have been widely used [27], it is essential to strike a balance as exces-
sively harsh conditions in accelerated tests may not only accelerate the 
stresses observed outdoors but also induce degradation modes not 
typically encountered in outdoor settings, potentially leading to 
misleading conclusions. Therefore, there is growing interest in estab-
lishing correlations between indoor tests and outdoor field operations 
[28]. Novel test scenarios are needed to validate the outdoor stabilities 
of PSCs [29]. A thorough examination of each failure mode is necessary, 
along with an effort to identify the specific stressors occurring in 
terrestrial environments that trigger these failures [30]. Recent studies 
have investigated degradation modes in metal-halide perovskite PV 
mini-modules subjected to thermal cycling, UV exposure, or two months 
of outdoor exposure [10], showing that the combined test protocols 
might be required to reproduce the failures in the fielded modules. 

Accelerated stress testing, aimed at replicating failures observed in 
the field, serves as a valuable tool for expending the development pro-
cess. When failures are identified, module manufacturers can improve 
their designs, materials, and manufacturing processes to mitigate these 
issues. Outdoor testing of PSCs with various encapsulations has been 
performed and compared with indoor accelerated tests [5], contributing 
to the design and understanding of encapsulated PSCs capable of with-
standing temperature cycling [31]. However, the degradation mecha-
nism during outdoor exposure remains poorly understood due to its 
potential dependence on the unique structure and materials of each 
device. 

In this study, we conducted field testing and investigated the 
degradation mechanisms of PSCs deployed in the field through mobile- 
ion analysis. Additionally, we compared the solar cell characteristics 
observed during the field tests with the results obtained from controlled 
indoor accelerated stress tests, which included exposure to visible light, 
UV irradiation, and thermal stress. We also discussed the capability to 
replicate outdoor degradation phenomena under laboratory conditions. 

2. Experimental 

Solar cells, with a F-doped tin oxide/SnO2/perovskite/Spiro-OMe-
TAD/Au configuration, were fabricated for this study (Fig. 1). Prior to 
the perovskite layer formation, the SnO2 layer underwent a UV ozone 
treatment. We fabricated Cs0⋅05K0.05FA0.9PbI3 (FA = C2H5NH3) perov-
skites with a thickness of 400 nm. Hole-transport layers were formed on 
top of the perovskites by spin-coating a Spiro-OMeTAD solution con-
taining lithium cations and 4-tert-butylpyridine as the dopant. Subse-
quently, Au contacts (5 mm × 5 mm) were formed through evaporation. 
Finally, the solar cells were encapsulated in glass, and the edges were 
sealed with UV resin. We fabricated four solar cells on glass substrates, 
all with nearly identical initial efficiencies. 

For outdoor exposure testing, we mounted the solar cells on a 
perforated metal plate tilted at 20◦ to the horizontal, operating them 
near their maximum power point, assisted by a 180 Ω resistive load. A 
thermocouple was positioned at the rear of the device, between the 
device and plate. Solar irradiation was monitored by spectral integration 
using a spectrometer (EKO, MS-710 and MS-712) aligned with the test 
devices. The test site is situated at 36◦N, 140◦E. 

For indoor testing, we employed a source-measurement unit 
(Keithley, 2400) to measure transient ion-migration currents, I–V 
curves, and maximum power [18,26]. To illuminate the fabricated de-
vices with visible light, we used a white-light-emitting diode (WL-LED) 
that generated a photocurrent with an intensity approximately equiva-
lent to one sun’s intensity for AM1.5G irradiance. Furthermore, we 
utilised a 365-nm LED (M365L3, Thorlabs) to illuminate the fabricated 
devices with UV light, specifically UV-A photons. To achieve spatially 
uniform illumination with an illuminance of ~50 mW/cm2, we 
expanded the UV-LED beam. We conducted light–dark cycling tests were 
for ~6 h under LED illumination, followed by storing the devices in the 
dark at 25 ◦C for ~18 h, with device temperature control facilitated by a 
Peltier stage. We employed maximum power point tracking (MPPT) to 
measure power–time curves under illumination. In these measurements, 
the voltage was adjusted at ~4-s intervals based on the 
perturb-and-observe algorithm. To determine the concentration of mo-
bile ions, we measured the ion-migration current of the devices, 
following the methodology described in our previous report [17]. 

3. Results and discussion 

3.1. Outdoor exposures 

Fig. 2(a) shows the power output during typical outdoor exposure of 
two distinct devices. The power of these devices was estimated by 
monitoring voltage, calculated as P––V2/Rload, where Rload represents 
the load resistance. One device experienced power loss within a few 
days, while the other maintained continuous power output for over 50 
days. Notably, the power reduction over time was influenced by sunlight 
exposure. 

Fig. 2(b) shows the amount of sunlight emitted. As the seasons 
changed, the daily irradiation decreased. However, the substantial 
power reduction indicated a potential decrease in the performance of the 

Fig. 1. Schematic of a perovskite solar cell fabricated for this study.  
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device. Temperatures fluctuated from 40 ◦C during autumn daytime to 
− 10 ◦C on winter nights. 

Additionally, within a single day, performance varied with time. 
Despite similar solar irradiances, morning power output was lower than 
that in the afternoon. Two types of metastability have been reported: 
some devices exhibit power loss under illumination, while others show 
an increase in power under illumination [28]. There has been ongoing 
debate about whether light or heat is detrimental to PSCs under oper-
ating conditions [32]. A detailed performance analysis concerning 
irradiance and temperature shall be conducted in future studies. 

3.2. Characterisation of solar cell property 

Further assessment of solar cell performance focused on Device #1 
before and after outdoor exposure. Fig. 3(a) and (b) show the I–V curves 
recorded before and after outdoor exposure, including forward and 
reverse sweeps, measured twice: prior to and after the power–time curve 
measurements under MPPT, as shown in Fig. 3(c) and (d). Post-exposure 
analysis revealed a notable decrease in the fill factor, indicating an in-
crease in shunt current and/or series resistance during outdoor expo-
sure. Several factors may have contributed to this outcome, such as 
enhanced number of defects, degradation of carrier transport layers, or 
heightened resistance, as suggested by the I–V curve analysis. 

Fig. 3(c) and (d) show power–time curves observed during 6 h of WL- 
LED illumination at 25 ◦C, before and after outdoor exposure. The pre- 
exposure data showed a decline in power over time, while the post- 
exposure data showed a noticeable increase in power with illumina-
tion, with light soaking becoming predominant. As summarised in Fig. 3 
(e), the energy yield during 6 h of illumination decreased after outdoor 
exposure, reflecting the degradation resulting from outdoor exposure. 
Changes in the power-time curve under illumination indicate degrada-
tion [33]. The decrease in power under illumination is due to the 
migration of mobile ions under illumination, which is a reversible 
change. The increase in power under illumination, i.e., light soaking, 
can also be explained by mobile ions or the filling of the trap levels by 
photocarriers generated by light illumination [33]. 

3.3. Mobile-ion analysis 

To gain insight into the mechanism behind metastability and 
degradation, we conducted transient ion-migration current measure-
ments (Fig. 4(a)). We applied a forward bias of 1.5 V to the device for 30 
s to perturb the initial distribution of mobile ions in the dark conditions. 
Subsequently, the device was set to zero-bias conditions to induce the 
backward propagation of ions. Fig. 4(b) shows the current–time curves 
of the transient ion-migration current measurements conducted before 
outdoor exposure. To account for metastability, these measurements 
were performed twice: before and after 6 h of WL-LED illumination. 
Following WL-LED illumination, the ion-migration current increased, 
consistent with previous reports [17,18]. 

Fig. 4(c) shows the current–time curves of the transient ion- 
migration current measurements after outdoor exposure. Notably, 
there was an increase in concentration following illumination, which 
diminished when the device was kept in the dark. 

The mobile-ion concentration (Nion) was estimated using the 
following equation 

Nion =
1

Adq

∫t2

t1

IIMC(t)dt (1)  

where IIMC(t) presents the transient ion-migration current; t denotes 
time; t1 and t2 denote the limits of time integration; A and d represent the 
area and thickness of the perovskite layer, respectively, and q stands for 
the elementary charge. We calculated fast, slow, and total mobile-ion 
concentrations using the transient currents over the time ranges t1–t2 
of 30–33, 33–80, and 30–80 s, respectively. A detailed identification of 
the mobile-ion species goes beyond the scope of this study. Fig. 4(d) 
summarises the ion concentrations for the results presented in Fig. 4(b) 
and (c). The concentration of slow mobile ions increased after illumi-
nation. Notably, there was a pronounced increase in the ion-migration 
current after illumination in the devices subjected to outdoor expo-
sure. This suggests the possibility of an increased presence of deep traps, 
which are activated by light illumination, after exposure to outdoor 
conditions. This finding underscores potential changes in the micro-
structure of perovskite materials due to outdoor exposure, particularly 
the formation of deep-level traps that could significantly influence the 

Fig. 2. Outdoor exposures: (a) Comparative power output. Red and blue lines represent power outputs of Devices #1 and #2, respectively, during outdoor exposure 
testing. (b) Solar irradiance over course of the outdoor exposure period. 
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operational stability and long-term performance of these solar cells. 
Assuming that deep-level defects cannot migrate under the applied 

voltage, it is postulated that illumination activates traps to shallower- 
level mobile defects, increasing the number of mobile ions after out-
door exposure. This interpretation implies that outdoor exposure leads 
to degradation due to an increase in deep-level traps. The defect thermal 
activation energy is approximately the depth of defect state energy level 
relative to the valence or conduction bands of the perovskite [34]. 
Therefore, the thermal activation energy of the ion-migration current 
was evaluated from temperature-dependence measurements [18]. First, 
the ion-migration currents were measured at different temperatures. 
Then, the concentrations calculated using the ion-migration current are 
plotted as a function of temperature. By fitting the ion concentration 

that increased with temperature by N(T) = N0 exp
(
− Ea

T
)
, the thermal 

activation energy Ea as 0.4–0.5 eV was well obtained. A previous study 
reported an activation energy of ~0.40 eV for transport property in a 
device with Spiro-OMeTAD [35], which is similar to the activation en-
ergy of the defects in this work. However, ion migration related to 
Spiro-OMeTAD is believed to be influenced by elevated temperatures. 
Therefore, despite differences in device structures, the effect of 
Spiro-OMeTAD is not likely, and the ion movement observed in this 
work can primarily be attributed to perovskite defects. The detailed 
analysis of the defect features will be shown subsequently. 

Fig. 3. Characterisation at outdoor exposure test: (a) I–V curves before and (b) after outdoor exposure. Curves before and after 6 h of WL-LED illumination under 
MPPT were plotted. Solid and broken curves were measured for forward and reverse voltage sweep, respectively. (c) Power–time curves during 6 h of WL-LED 
illumination, before and (d) after outdoor exposure. (e) Calculated energy yield for 6 h of WL-LED illumination, before and after outdoor exposure. 
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3.4. Accelerated stress testing 

To understand the degradation mechanism induced by outdoor 
exposure, we conducted accelerated stress tests, which included visible- 
light illumination, UV irradiation, and dark storage at elevated tem-
peratures. Below, we present the results for the device with the highest 
durability among the four samples tested. 

3.4.1. Visible-light illumination 
We conducted a light illumination test at 60 ◦C using WL-LED illu-

mination. Fig. 5(a) shows a schematic of the testing procedure, involving 
116 h of LED illumination at elevated temperatures. After subjecting the 
device to light–dark cycles to assess its stability, we conducted the light 
illumination test at 60 ◦C using WL-LED illumination, following addi-
tional light–dark cycles. The device operated under MPPT during WL- 
LED illumination. Throughout the light–dark cycle and before and 
after 116 h of WL-LED illumination, we evaluated the device using I–V 
curve measurements, ion-migration current measurements, as well as 
outdoor exposed devices. 

Fig. 5(b) and (c) show the I–V curves at 25 ◦C and 60 ◦C during 
light–dark cycles before 116 h of WL-LED illumination. Hereafter, the 
results of the second cycle are shown as a representative curve at 60 ◦C. 
The device exhibited performance degradation during light–dark cycles. 
Fig. 5(d) and (e) show the I–V curves at 25 ◦C and 60 ◦C during light-
–dark cycles after WL-LED illumination. The device demonstrated a re-
covery of performance degradation after 6 h of WL-LED illumination, 
indicating that the light-soaking effect prevailed. Fig. 5(f) summarises 
the power–time curves for 6 h of WL-LED illumination. Prior to visible- 
light illumination at elevated temperatures, the device experienced 
power loss during illumination. However, after 116 h of WL-LED illu-
mination, the device exhibited increased power under illumination. This 

behaviour was similarly observed in a device exposed to outdoor con-
ditions. Fig. 5(g) summarises the energy yield of 6 h of WL-LED during 
visible-light illumination testing. 

Fig. 6(a)–(d) show the ion-migration currents corresponding to Fig. 5 
(b)–(d). The ion-migration currents increased at 60 ◦C, attributed to 
thermal activation [18]. However, after 116 h of WL-LED exposure, the 
current decreased, particularly at 25 ◦C. Fig. 6(e) summarises the 
calculated concentrations of total mobile ions during visible-light illu-
mination testing before and after LED illumination. For simplicity, the 
concentration was determined from the transient currents measured 
over a time range (t1–t2) of 30–80 s. Each light cycle altered the 
mobile-ion concentration, and the modification during light–dark cycles 
also changed after 116 h of LED illumination. The thermal activation 
energy of the ion-migration current was evaluated to be ~0.3 eV from 
temperature-dependence measurements conducted after the testing. 

3.4.2. Thermal stress 
We conducted thermal stress tests in the dark to compare the effects 

of thermal stress. Fig. 7(a) outlines the schematic testing procedures, 
where WL-LED was turned off during 116 h of storage at 60 ◦C. 

Fig. 7(b) and (c) show the I–V curves at 25 ◦C and 60 ◦C during 
light–dark cycles, before subjecting the device to 116 h of thermal stress. 
Fig. 7(d) and (e) show the I–V curves at 60 ◦C and 25 ◦C during light-
–dark cycles after the thermal stress. The device exhibited a decrease in 
the fill factor during testing. Even after the thermal stress, the I–V curves 
for the forward and reverse voltage sweeps remained unchanged after 6 
h of WL-LED illumination, indicating that the light-soaking effect was 
less pronounced at elevated temperatures. Fig. 7(f) shows the power-
–time curves for 6 h of WL-LED illumination. The power reduction was 
not as significant, and light soaking was observed to a lesser extent, 
particularly at 25 ◦C after thermal stress testing. Fig. 7(g) summarises 

Fig. 4. Ion-migration currents at outdoor exposure test: (a) Schematic of ion-migration currents. (b) Ion-migration currents in device before and (c) after outdoor 
exposure, with both before and after WL-LED illumination. (d) Calculated concentrations of mobile ions within device, before and after outdoor exposure. 
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Fig. 5. Characterisation at visible-light illumination testing: (a) Schematic of testing procedure. (b) I–V curves at 25 ◦C and (c) 60 ◦C during light–dark cycles before 
116 h of WL-LED illumination, with both before and after 6 h of WL-LED illumination. Solid and broken curves were measured for forward and reverse voltage sweep, 
respectively. (d) I–V curves at 60 ◦C and (e) 25 ◦C during light–dark cycles after 116 h of WL-LED illumination. (f) Power–time curves during 6 h of WL-LED 
illumination at 25 ◦C (black) and 60 ◦C (red) before (solid) and after (broken) 116 h of WL-LED illumination. (g) Calculated energy yield for 6 h of WL-LED illu-
mination, during visible-light illumination tests. 
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the calculated energy yield during thermal stress testing. 
Fig. 8(a)–(d) show the ion-migration currents corresponding to Fig. 7 

(b)–(d). The modification in mobile-ion concentration during light–dark 
cycles is similar to that shown in Fig. 6. Fig. 8(e) shows the calculated 
concentrations of mobile ions during thermal stress testing. The increase 
in mobile-ion concentration during 6 h of WL-LED illumination at 60 ◦C 
was significant, contrasting the case of 25 ◦C. This is in contrast to the 
results of visible-light illumination stress, where the change at 60 ◦C was 
smaller than at 25 ◦C. These results indicate that thermal activation of 
defects may vary depending on the damage caused by each type of 
stress. Indeed, the thermal activation energy of the ion-migration cur-
rent was evaluated to be ~0.2 eV from temperature-dependence mea-
surements. This value significantly differs from those observed in 

devices exposed to outdoor conditions and visible-light illumination. 
This indicates that outdoor stress is not primarily induced by elevated 
temperatures. However, the change in mobile-ion concentration was 
substantial for dark storage at elevated temperatures compared to 
visible-light illumination at elevated temperatures. This suggests that 
damage to the perovskite absorber may be partially mitigated by light 
illumination at elevated temperatures [19]. 

3.4.3. UV irradiation 
We conducted a UV irradiation test using a 365 nm UV LED to 

simulate environmental stress [26]. Fig. 9(a) shows the schematic 
testing procedures, where UV-light–dark cycles and 284 h of UV irra-
diation were conducted. The device operated under MPPT during UV 

Fig. 6. Ion-migration currents at visible-light illumination testing: (a) Ion migration currents at 25 ◦C and (b) 60 ◦C during light–dark cycles in device before 116 h of 
WL-LED illumination, with both before and after 6 h of WL-LED illumination. (c) Ion-migration currents at 60 ◦C and (d) 25 ◦C during light–dark cycles after 116 h of 
WL-LED illumination. (e) Calculated concentrations of mobile ions, during visible-light illumination tests. 
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Fig. 7. Characterisation at thermal stress testing: (a) Schematic of testing procedure. (b) I–V curves at 25 ◦C and (c) 60 ◦C during light–dark cycles before 116 h of 
thermal stress, with both before and after 6 h of WL-LED illumination. Solid and broken curves are measured for forward and reverse voltage sweep, respectively. (d) 
I–V curves at 60 ◦C and (e) 25 ◦C during light–dark cycles after thermal stress. (f) Power–time curves during 6 h of WL-LED illumination at 25 ◦C (black) and 60 ◦C 
(red) before (solid) and after (broken) thermal stress. (g) Calculated energy yield for 6 h of WL-LED illumination, during thermal stress tests. 
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irradiation. 
Fig. 9(b) and (c) show the I–V curves at 25 ◦C and 60 ◦C during 

light–dark cycles before subjecting the device to 284 h of UV irradiation. 
The increase in current during light–dark cycles at 60 ◦C indicates the 
appearance of metastability, i.e., the light-soaking effect. Fig. 9(d) and 
(e) show the I–V curves at 60 ◦C and 25 ◦C during light–dark cycles after 
the UV irradiation. The current after dark storage decreased signifi-
cantly both at 60 ◦C and 25 ◦C. Fig. 9(f) shows the power–time curves for 
6 h of UV-LED illumination. Light soaking was evident after outdoor 
exposure. Fig. 9(g) summarises the energy before and after outdoor 
exposure. Note that the energy data on the 4th day prior to UV irradi-
ation stress was not displayed due to instrument errors. 

Fig. 10(a)–(d) show the ion-migration currents corresponding to 
Fig. 9(b)–(d). The current after dark storage decreased significantly both 
at 25 ◦C and 60 ◦C after 284 h of UV-LED illumination. Fig. 10(e) shows 
the calculated concentrations of mobile ions during UV irradiation. 
While the solar cells used were not degraded by UV-LED illumination at 
45 ◦C in a previous study, the impact of UV irradiation became more 
pronounced at elevated temperatures (60 ◦C). This suggests that the 
degradation under UV irradiation may be related to mobile ions, as the 
associated mobile defects may increase at elevated temperatures. The 
thermal activation energy of the ion-migration current was evaluated as 
0.3–0.4 eV from temperature-dependence measurements, indicating the 
formation of deep-level traps. This indicates that UV irradiation at 

Fig. 8. Ion-migration currents at thermal stress testing: (a) Ion-migration currents at 25 ◦C and (b) 60 ◦C during light–dark cycles before 116 h of thermal stress. (c) 
Ion-migration currents at 60 ◦C and (d) 25 ◦C during light–dark cycles after 116 h of thermal stress. (e) Calculated concentrations of mobile ions, during thermal 
stress tests. 
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Fig. 9. Characterisation at UV irradiation testing: (a) Schematic of testing procedure. (b) I–V curves at 25 ◦C and (c) 60 ◦C during light–dark cycles before 284 h of 
UV irradiation, with both before and after 6 h of WL-LED illumination. (d) I–V curves at 60 ◦C and (e) 25 ◦C during light–dark cycles after UV irradiation. (f) 
Power–time curves during 6 h of WL-LED illumination at 25 ◦C (black) and 60 ◦C (red) before (solid) and after (broken) after 284 h of UV irradiation. (g) Calculated 
energy yield for 6 h of UV-LED illumination, during UV irradiation tests. 
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elevated temperatures induces degradation similar to that experienced 
during outdoor exposure. A longer irradiation time of 284 h was not the 
primary cause of significant modification under UV irradiation. We 
confirmed that almost the same results as those shown in Figs. 4 and 5 
were obtained even when the WL-LED illumination was extended to 284 
h. 

3.5. Comparison of outdoor exposure and indoor accelerated stress testing 

The indoor accelerated stress testing was performed under three 
conditions, resulting in changes in I–V curves and decrease in fill factors 
similar to changes at outdoor exposure. The changes in power-time 
curves are also qualitatively similar between outdoor exposure and 

indoor stress tests. Prior to the stress tests, the device exhibited reduced 
power under illumination; however, after testing, there was an increase 
in power under illumination. Stress tests significantly modified the 
concentration of mobile ions. Thus, the characteristics of the solar cells 
resembled those of devices that had undergone outdoor exposure. Under 
indoor test conditions, the properties of mobile ions are almost similar, 
but UV irradiation stress in particular causes degradation similar to 
outdoor exposure. The thermal activation energy of the ion-migration 
current indicated that deep-level traps were formed under UV irradia-
tion. This study revealed that UV irradiation at elevated temperatures 
induces degradation similar to that experienced during outdoor expo-
sure, emphasising its significance as a critical stress factor for replicating 
the degradation phenomena of PSCs in actual outdoor environments. 

Fig. 10. Ion-migration currents at UV irradiation testing: (a) Ion-migration currents at 25 ◦C and (b) 60 ◦C during light–dark cycles before 284 h of UV irradiation. (c) 
Ion-migration currents at 60 ◦C and (d) 25 ◦C during light–dark cycles after UV irradiation. (e) Calculated concentrations of mobile ions, during UV irradiation tests. 
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These insights are crucial for understanding the endurance of these cells 
and for developing strategies to enhance their durability for real-world 
applications. The ability to replicate outdoor degradation phenomena 
under laboratory conditions is a crucial step towards accelerating the 
development of robust and durable PSC modules [36,37]. 

It is worth noting that testing under UV irradiation at elevated 
temperatures is not a part of the standardised tests for conventional PV 
modules, such as IEC 61215 [38]. While some studies have reported 
PSCs passing the IEC 61215 test designed for conventional PV modules 
such as c-Si, the applicability of these conditions to PSCs remains un-
clear. In the case of the PSCs examined in this study, the observed 
degradation may be linked to defect modification within the perovskite 
layer rather than encapsulant and packaging degradation, which is 
observed in more mature Si and thin-film modules. Thus, mobile-ion 
analysis, reflecting the formation of mobile defects in the perovskite 
layer, shows significant changes due to various stressors. 

Stability testing is a paramount concern in the development of 
accelerated stress tests for metastatic PSCs. Without it, evaluating per-
formance degradation becomes challenging. Light–dark cycle analysis 
presents a potential test protocol that can help determine whether per-
formance degradation is reversible or irreversible. Moreover, the 
metastability of PSCs may be connected to mobile defects and their re-
sponses to stressors such as light and heat. This bears some resemblance 
to light and elevated temperature-induced degradation (LETID), a 
recently observed degradation mode in Si PVs [39,40], which is 
explained by a three-state model [37]; the BO defect plays an important 
role; a three-states model is assumed to account for metastability and 
regeneration [41]. Similar to LETID, a thorough examination of related 
defects, likely arising from iodide-related defects, will be the next step in 
comprehending the degradation mechanisms of PSCs. To achieve more 
stable, durable, and reliable PV technology, future device designs will 
require more advanced passivation techniques for detrimental defects 
[42–48]. 

4. Conclusion 

In this study, field tests were performed to assess the durability of 
PSCs under real-world conditions. While one device maintained power 
generation for over a month, the other experienced a significant power 
loss. A comprehensive failure analysis was carried out to identify the 
specific degradation mechanisms induced by outdoor exposure. This 
analysis revealed a significant alteration in the ion-migration current 
response of the devices after exposure, indicating that modifications in 
mobile ions and the formation of defects within the perovskite layer are 
likely the primary cause of degradation. Additionally, we compared the 
solar cell characteristics observed during the field test with the results of 
controlled indoor accelerated stress tests, including exposure to visible 
light, UV irradiation, and thermal stress. Our findings highlight that the 
degradation patterns induced by UV irradiation at elevated tempera-
tures closely resemble those caused by outdoor stress. The ability to 
replicate outdoor degradation phenomena under laboratory conditions 
is crucial for accelerating the development of robust and durable PSC 
modules. 
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