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Perovskite solar cells (PSCs) have emerged as a promising photovoltaic technology due to their remarkable efficiency advancements.
However, their commercialization is hindered by stability challenges, including sensitivity to environmental conditions and a critical
degradation mechanism known as potential-induced degradation (PID). PID can significantly impair PSC performance within hours
under operational conditions. This study investigates PID in 48 triple-cation p-i-n PSCs over 313 hours in an inert environment,
excluding additional stressors like moisture and oxygen. The PID-stressed devices degraded to 79% of their initial efficiency, primarily
driven by losses in short-circuit current density. Time-of-flight secondary ion mass spectroscopy revealed sodium ion migration from
soda-lime glass substrates into the perovskite layer. Interestingly, photoluminescence and X-ray diffraction analyses detected no
measurable differences between PID-stressed and reference devices, contradicting prior literature that associates PID with perovskite
segregation and decomposition. These findings challenge the conventional understanding of PID, suggesting that environmental factors
such as oxygen and moisture might exacerbate degradation effects. This work provides critical insights into the intrinsic mechanisms
of PID under controlled conditions and highlights the need for further research into the interplay between PID and environmental
stressors to guide the development of more stable PSC technologies.

1 Introduction

Solar energy technology has evolved significantly over the years, with thin-film perovskite photovoltaic
(PV) technology emerging as a highly promising advancement in solar energy, offering substantial
potential for high-efficiency, low-cost, and versatile applications that extend beyond the limitations of
traditional silicon-based PV [1,2]. Perovskite materials exhibit exceptional optoelectronic properties, such
as micrometer-scale diffusion lengths surpassing their sub-micrometer thickness together with direct and
tunable bandgaps, rendering them ideal candidates for PV applications and tandem integration with other
PV technologies [1–5]. Despite being the fastest-evolving PV technology in terms of cell efficiency, the
commercial deployment of perovskite solar cells is hindered by their low reliability, which compromises
their long-term performance [6–8].

Perovskite solar cells (PSCs) are known to be highly sensitive to ambient conditions, including
exposure to moisture, oxygen, light, and elevated temperatures [2, 4, 8–11]. It is possible to protect PSCs
from moisture and oxygen exposure by effectively encapsulating the devices using UV-curable adhesive
encapsulation or glass-glass vacuum lamination with polymers such as ethylene vinyl acetate (EVA),
polyolefin (POE) or thermoplastic polyolefin (TPO) [12]. For laboratory-scale devices, encapsulation using
epoxy resins is frequently employed, which can release volatile gases that can react with the perovskite [13].
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In practical applications, PV modules are connected in series, leading to voltage accumulation. With
the use of cost-effective transformer-less inverters, these systems often experience significant positive or
negative voltage buildup. The PV frames are always grounded for safety reasons, resulting in potential
differences between the frame and the PV cells, which can lead to a degradation phenomenon known as
potential-induced degradation (PID) [14]. While PID has been extensively studied in silicon-based PV
systems, its impact on perovskite devices is still in the early stages of investigation. Addressing this issue
is critical to ensure the long-term stability and commercial viability of perovskite solar technologies [15].

Only a limited number of studies have investigated PID in PSCs [16–24]. In most cases, almost
complete degradation was observed within less than 96 hours [16, 18–22]. Furthermore, Nakka et al. [18],
demonstrated that the impact of PID stress was significantly amplified under elevated environmental
conditions i.e., 25°C, 20% relative humidity (RH), to 60°C, 60% RH. This rapid deterioration of performance
highlights PID as an aggressive degradation mechanism. Hence, it is crucial to gain a deeper understanding
of this phenomenon in order to design effective mitigation or prevention strategies. Previous investigations
have identified the migration of sodium ions (Na+) from the soda-lime glass (SLG) substrate toward the
device as the primary cause of PID [17, 18, 22]. These ions drift under the influence of an electric field
toward the indium tin oxide (ITO) front contact, eventually diffusing throughout the PSC [17,18,22].

3D time-of-flight secondary ion mass spectroscopy (ToF-SIMS) showed that sodium shunt paths are
formed through the device [17, 22]. Moreover, it has been proposed that Na+ migration contributes
to perovskite degradation by inducing segregation and decomposition, as evidenced by alterations in
photoluminescence (PL) [18, 19, 21, 22] and X-ray diffraction (XRD) measurements [18, 19], potentially
resulting in the formation of sodium-iodide (NaI) [18]. Interestingly, reversing the PID stress from -1000 V
to +1000 V has shown partial recovery in PSC performance, offering critical insights for developing recovery
strategies [16–18, 23]. The decrease in efficiency is primarily attributed to a reduction in short-circuit
current density (JSC), modifications in the fill factor (FF), and minimal losses in open-circuit voltage
(VOC) [16, 18, 19, 23, 24]. Nakka et al. proposed a first mitigation strategy by incorporating a nickel oxide
(NiOX) layer between the ITO front contact and the self-assembled monolayer (SAM), which significantly
reduced PID effects [19].

Most PID studies have been conducted on encapsulated devices using epoxy resin under ambient
conditions [17–19, 21]. However, device encapsulation must be carefully executed using appropriate
materials that do not chemically interact with the perovskite and effectively prevent moisture and oxygen
ingress [13].

In a previous work [23], we acknowledged the challenges associated with effective encapsulation and
proposed a novel method for conducting PID stress tests in a nitrogen (N2) environment. This approach
eliminated the need for encapsulation by excluding moisture and oxygen in an inert environment, thus
aiming to focus solely on the PID mechanism. As a result, a slower degradation rate was observed [23].
Afterward, in parallel, a similar approach was presented by Zhang et al. [22]. While this method is
conceptually straightforward, achieving complete exclusion of external stressors remains challenging and
requires dedicated equipment.

Considering the inherent susceptibility of PSCs to ambient conditions and their potential impact
during PID stress tests [18], we believe that eliminating as many potential stressors as possible (i.e.,
moisture, oxygen, temperature, encapsulation) may result in degradation mechanisms that deviate from
those previously reported in the literature. This study aims to provide novel insights by conducting PID
stress tests on non-encapsulated triple-cation (3C) p-i-n PSCs in an inert environment. Furthermore, this
work employs a range of characterization techniques, including microstructural analysis, to validate or
challenge previous findings.

2 Methods and materials

This study explores the susceptibility of 3C p-i-n PSCs to PID. The perovskite composition is Cs0.05FA0.85

MA0.10PbI2.90Br0.10. The experiment spanned a total duration of 313 hours and involved six SLG substrates,
each comprising 12 PSCs with an identical layer stack and an active area of 0.125 cm2. The devices
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were divided into two groups: a PID-stressed group and a control group. This distribution resulted in 48
PID-stressed PSCs and 24 control PSCs, the latter stored on a shelf under identical conditions but without
exposure to PID stress. All devices were subjected to identical environmental conditions throughout the
experiment, with the only variable being the PID stress.

Each device was constructed on 3 x 3 cm2 SLG substrates with a 150 nm layer of ITO coating. A 15 nm
NiOX hole transport layer (HTL) was deposited via direct current (DC) sputtering from a metallic nickel
target in oxygen plasma at 3 mTorr and annealed for 20 minutes in air at 300°C with relative humidity
(RH) of 40-50%.

(4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid (Me-4PACz) (1 mM in anhydrous ethanol)
was used as a SAM. For the 3C perovskite devices, this SAM was sonicated at 30°C for 10 minutes before
use. Then, it was spin-coated onto the glass/ITO at a speed of 3000 rpm for 30 s, followed by annealing at
100°C for 10 minutes. 1.3 M of the 3C perovskite was prepared by mixing 635.5 mg PbI2, 197.3 mg FAI,
15.1 mg MABr, and 17.5 mg CsI in 1 ml of dimethylformamide (DMF) and N-methylpyrrolidon (NMP)
(volume ratio = 9:1). The solution was stirred at room temperature for two days before use. A few hours
prior to coating, 18 mol% of methylammonium chloride (MACl) was added to the precursor solution. The
solution was dynamically spin-coated by a continuous two-step program: 2000 rpm for 10 s, followed by
6000 rpm for 45 s. During the second step, the perovskite film was quenched with N2 for 30 s, starting at
40 s prior to the end of the spin coating program. This was followed by annealing the films at 130°C for
80 min in N2.

Afterward, the electron transport layer (ETL) was evaporated, composed of 0.8 nm lithium fluoride
(LiF), 60 nm C60, and a 5 nm bathocuproine (BCP) bilayer. Finally, a 100 nm copper (Cu) top electrode
was evaporated to complete the devices.

During the PID stress, the devices were short-circuited to eliminate any external electric field across
the device stack. PID occurs when PV devices are maintained at a high negative potential relative to the
glass; thus, the short-circuited devices were subjected to -1000 V while a grounded Cu block was applied
to the external surface of the SLG, as illustrated in Figure 1.

Perovskite devices are highly sensitive to ambient conditions, such as moisture, oxygen, and potential
byproducts from encapsulation materials. Consequently, the entire experiment was performed in a N2

environment on non-encapsulated devices, following recommendations from our previous study [23].

Figure 1: Schematical representation of the PID stress test in a N2 environment. The contacts of the device are short-circuited
and connected to a high negative potential of -1000 V, while 0 V is connected to a Cu block, which is pressed onto the external
surface of the glass.

During the experiment, current-voltage (IV) measurements were performed at intermediate intervals in
a N2 environment using a Keithley 2620 A source-measure unit and an Abet solar simulator, providing
one-sun illumination (1000 W/m2, air mass (AM) 1.5 G). Prior to the measurements, a calibration was
performed using a Fraunhofer ISE WPVS reference solar cell. IV sweeps were conducted from -0.2 V
to 1.3 V in 0.01 V steps with a scanning speed of 0.8 V/s, and the temperature of the PSC device was
controlled at 30°C using a fan.
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External quantum efficiency (EQE) measurements were conducted in a N2-filled holder at the start, and
conclusion of the PID stress tests. A Bentham PVE300 spectral response setup equipped with halogen and
xenon lamps was employed for the measurements. The tool was calibrated using a silicon (Si) reference
cell to ensure accuracy. EQE spectra were recorded across a wavelength range of 300 to 900 nm with a
step size of 5 nm, focusing on an area of 0.7 mm2.

PL measurements were used to assess the optoelectronic properties of the stressed devices, with
steady-state measurements covering a wavelength range from 730 to 850 nm in steps of 1 nm, using
an integration time of 1 second. The measurements were performed in air using a PicoQuant FluoTime
300 instrument equipped with an LDH-P-C 440 laser source operating at 20 MHz. Furthermore, ToF-SIMS
was conducted on one reference and one PID stressed PSC to investigate the migration of sodium ions
from the SLG towards the device. Here, the positively charged ions were analyzed using the bombardment
of cesium ions (Cs+) and more information can be found in the supporting information.

Finally, XRD was performed to gain deeper insights into the effects of Na+ migration on the crystallinity
and degradation of the perovskite. The XRD measurements were performed in air by using a Bruker D8
diffractometer equipped with Cu-Kα X-rays (λ = 1,5418 Å). A measurement range was employed from
10° to 60° . Before conducting the XRD measurements, the Cu layer needed to be removed to expose the
perovskite absorber layer. A peel-off method was conducted using tape to carefully remove the Cu layer
from the PSC, ensuring proper access to the perovskite for accurate XRD analysis.

3 Results

Throughout the experiment, several intermediate IV measurements were performed to investigate the
effects of Na+ migration into the PSC. From these measurements, current density-voltage (JV) curves were
derived. These measurements provide critical insights into the role of Na+ migration in the degradation of
PSC performance.

Figure 2 presents the normalized power conversion efficiency (PCE) as a function of stress duration
for 48 stressed devices in red. Additionally, the graph shows the data for 24 PSCs, represented in grey,
which were stored on the shelf under identical environmental conditions (i.e., N2 atmosphere, ambient
temperature) without without exposure to voltage stress, serving as control samples for the entire duration
of the experiment.

By the end of the experiment, the PID-stressed PSCs reached an average normalized efficiency of 79%,
while the control devices retained an average of 99% of their initial PCE. Notably, after only 154 hours,
the PCE of the PID stressed devices had already declined to an average of 86%, highlighting that the most
substantial PID-related degradation occurred within the first half of the testing period.

In order to gain insights into the mechanism of the degradation, the JV parameters were analyzed. The
average normalized values for JSC, VOC, and FF were found to be 0.88, 0.98, and 0.91, respectively. These
results indicate that the 48 PSCs primarily experienced losses in JSC, moderate losses in FF, and minimal
changes in VOC, corroborating findings from our previous work [23].

A closer examination of the JV curve is essential for gaining deeper insights into the degradation
mechanism. Hence, Figure 3 presents the JV curves of a PID-stressed device in both its initial and
stressed states, accompanied by the EQE response shown in Figures (a) and (b), respectively.

The graphs in Figure 3 (a) clearly illustrate that the degradation was mainly driven by a drop in JSC,
modest changes in FF, but almost negligible changes in VOC. Furthermore, from the JV graph, it can
be observed that the drop in FF is attributed to an affected horizontal slope around JSC, combined with
changes in the vertical slope around VOC. These observations suggest that PID stress may have contributed
to a decrease in shunt resistance and an increase in series resistance within the device.

Additionally, EQE measurements were performed, as illustrated in Figure 3 (b), with results captured
at the beginning and end of the PID stress test, shown in grey and red, respectively. It is noteworthy
that the decrease in EQE in both graphs is not limited to a specific wavelength but instead shows a
uniform vertical downward shift across the spectrum. This pattern indicates a general reduction in charge
extraction efficiency, aligning with the observed reduction in JSC.
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Figure 2: Normalized efficiency for the stressed 3C p-i-n PScs and reference devices as a control group, in red and grey,
respectively. The height of the box charts indicates the interquartile range between 25% and 75% of the data. The whiskers
show one standard deviation.

Figure 3: JV graphs (a) and EQE response (b) at the beginning and the end of the PID stress test in grey and red, respectively.

In addition to intermediate characterization methods, further analyses were conducted after the PID
stress test. Accordingly, PL measurements were performed to assess potential changes in the bandgap
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energy of the absorber material, attributed to chemical alterations such as perovskite segregation, as
indicated by shifts in the peak intensity. Figure 4 shows the normalized intensities for a PID-stressed
PSC and a reference one. It is to be noted that the PL device was not calibrated using a dedicated
reference device prior to the measurements. Hence, changes in the absolute value of the PL response
are not reliable. Since the main purpose of the measurement is the investigation of shifts in the PL
peak intensity, the results have been normalized. The measurement revealed no significant shift in the
peak emission wavelength between the stressed and reference, confirming that the peak position remained
consistent between stressed and reference samples. Additionally, the minor variation in peak width was
deemed negligible.

Figure 4: Normalized PL measurements of a reference and PID stressed PSC in grey and red, respectively.

Furthermore, microstructural analyses were conducted, including XRD measurements, to assess
potential phase segregation induced by PID stress. Diffractograms were recorded in the 2θ-range 10°
to 60° as shown in Figure 5, which depicts the XRD spectra for both the reference and stressed 3C
devices. The reference data is shown in grey, while the stressed data is depicted in red, with a vertical
offset applied for clarity. Notably, there is no observable difference between the XRD patterns for both,
even around the diffraction from the PbI2 at 12.5° marked by an asterisk. These results indicate that no
substantial phase segregation or crystallographic changes occurred in the perovskite during the PID stress
test.

To further investigate the role of Na+ migration as the root cause of PID, ToF-SIMS measurements were
conducted. Figure 6 presents the ToF-SIMS results for both reference and PID-stressed 3C PSCs. The
graph presents the intensity as a function of the fluence, which correlates with scan time. It is important
to note that the ToF-SIMS intensities have been rescaled for visualization purposes, and consequently,
the absolute values of the measured elements should not be considered definitive. Given that the primary
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Figure 5: XRD patterns of a reference (grey) and PID stressed (red) device. The asterisk is indicating the peak around 12.5°
representing the diffraction of the (001) plane of PbI2.

objective of this ToF-SIMS analysis is to identify Na+ migration into the perovskite absorber, the focus
remains on the qualitative detection and distribution of Na+. The different materials within the device
are represented in distinct colors to aid in interpretation. The green line represents the Na+ signal. A
significant distinction is observed between the reference and stressed devices. In the reference device, Na+

remains confined to the glass substrate, indicating no migration into the active layers. Conversely, the
stressed device exhibits pronounced Na+ diffusion throughout the entire structure, extending from the
glass substrate to the C60/BCP electron transport layer.

4 Discussion

ToF-SIMS analyses, depicted in Figure 6, confirm the migration of Na+ ions from the SLG substrate to the
PSC under the influence of the electric field. This phenomenon is identified in the literature as the primary
driver of the PID mechanism [17–20,22]. The analyses revealed that Na+ ions migrate through the entire
stack of the PSC, reaching the ETL, beyond which the Na+ signal intensity diminishes to negligible levels.
Additionally, significant intensity peaks were observed at the interfaces near the NiOX and LiF layers in
the PID-stressed sample. However, it remains uncertain whether this effect is due to the accumulation
of Na+ ions or simply an artifact such as the matrix effect, which is frequently encountered in ToF-SIMS
measurements [25,26]. Further experiments incorporating advanced post-mortem microstructural analyses
are required to clarify these observations and provide deeper insights into the underlying mechanisms.
Notably, almost no Na+ ions were detected in the reference device, except within the SLG.

These findings suggest that Na+ drifts from the glass into the ITO of the stressed PSC under the
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Figure 6: ToF-SIMS results of a reference (a) and PID stressed (b) PSC. The highlighted green line represents the data of
the Na+.

influence of the applied electric field, with degradation predominantly occurring during the first half of the
PID test, corroborating previous research showing degradation with a negligible incubation period [23].

From the EQE response, a uniform decrease across the spectrum was noticeable, which suggests that
the degradation affects the entire device rather than a specific interface. However, directly correlating EQE
data to specific degradation locations within the device is challenging. Integration of the EQE responses
and calculating relative differences with respect to the initial measurements reveals a relative decrease of
8%. The JV parameters indicated a normalized JSC of 0.88, reflecting a 12% degradation from the initial
measurements. Given that JSC is derived from the integration of EQE data, similar values were anticipated
from both measurements. Nevertheless, as noted by Saliba et al. [27, 28], a systematic discrepancy often
exists between JV results and data obtained from EQE measurements. This known issue underscores the
deviation in the JSC values derived from IV and EQE measurements. Further experimental investigations
are needed to elucidate the mechanisms underlying this discrepancy but are beyond the scope of this
study [27,28]. Nevertheless, EQE measurements using bias light can potentially lower the differences.

In addition to losses in JSC, approximately 9% degradation in FF was observed, attributable to decreased
shunt resistance and an increase in series resistance. Similar degradation effects have been documented
in other studies [17–19, 22]. Literature suggests that the reduction in shunt resistance may be caused by
a shunt pathway of Na+ ions forming through the device, a phenomenon that has been visualized using
3D ToF-SIMS imaging techniques [17,22]. Moreover, combined with the presented ToF-SIMS in Figure 6,
it might be suggested that Na+ is present at the device interfaces with the transport layers, potentially
leading to an increase in series resistance, thus hindering carrier extraction.

In literature, Na+ migration during PID stress has been shown to lead to perovskite segregation and
decomposition [18, 19, 22]. It is stated that the migration of Na+ forms weak bonds with the I from the
perovskite, resulting in Na+I-. These effects have been confirmed through both XRD and PL measurements
[18]. Specifically, PL data show a decrease in intensity combined with a redshift of the peak wavelength,
indicating the presence of iodine-rich regions [18]. Additionally, XRD measurements reveal a decline in
intensity around 14.5° suggesting perovskite degradation, along with the emergence of a peak around 12.5°
confirming the presence of PbI2 due to halide segregation [18].

However, when comparing these results from the literature with the findings of this study, several
distinctions emerge. In this work, neither PL nor XRD analyses revealed significant differences between the
stressed and reference devices. The PL measurements showed no observable differences in the wavelength
at the peak position nor in the width of the peak. Therefore, one can suggest that the bandgap energy of
the absorber material remained unchanged. Similarly, the XRD analyses revealed no differences between
the stressed and reference devices; the peak around 14° remained stable, indicating no substantial changes
in the perovskite material. Furthermore, the peak associated with PbI2 around 12.5° remained unchanged,
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implying no increase in PbI2 content within the substrate. The presence of a small peak might stem
from either precursor weighing or annealing of the substrate, but it is not considered a detrimental effect.
Crucially, no significant differences were observed between the stressed and reference devices.

It is to be noted that this study was conducted using a stress setup that maximally eliminates
unwanted additional degradation mechanisms [23]. Considering the less pronounced degradation patterns
and the deviating PL and XRD results compared to the literature, it could be plausible that Na+

migration induced by PID stress amplifies perovskite segregation and decomposition effects, potentially
triggered by imperfections in device encapsulation. These imperfections may lead to exposure to undesired
environmental degradation factors. Nevertheless, further research systematically incorporating additional
environmental stressors is crucial to develop a comprehensive understanding of the observed phenomena.
Moreover, it is noteworthy that the bandgap of the samples used in this research is lower than those reported
in the literature [18, 19]. Perovskite materials with wider bandgaps are known to be more susceptible to
halide segregation, likely due to their typically higher bromide (Br) content [29].

5 Conclusion

PID is recognized as a critical degradation pathway for perovskite devices, with literature documenting
nearly complete performance loss within only 96 hours [16,18–22]. As a result, ensuring long-term stability
is critical to advancing the commercialization of perovskite photovoltaics. A deeper understanding of PID’s
underlying physics is essential for developing targeted mitigation and prevention strategies.

Research on PID has largely identified Na+ migration from SLG substrates to PSCs as a primary
driver of degradation, often resulting in material segregation and decomposition. However, most of these
studies have relied on encapsulated devices in ambient conditions, which may complicate the research
into the effects of PID due to potential interactions with environmental stressors. Although PID stress
methods that exclude other environmental stressors have been suggested in our previous work [23], their
implementation requires dedicated equipment and controlled environments.

As a result, the aim of this study was to elaborate the effects of PID on perovskite devices in an
inert environment using the suggested PID stress setup [23]. A relatively large batch of 48 p-i-n 3C
PSCs was subjected to 313 hours of PID stress, with performance evaluated through intermediate and
post-experiment measurements across a range of characterization techniques.

The findings demonstrated that PID is most aggressive in the initial half of the testing period (i.e., 150
hours), with a final normalized efficiency of 79%. ToF-SIMS analysis confirmed Na+ migration throughout
the device as presented in the literature [17, 22], with diminishing signal strength near the ETL interface,
where peaks around other interfaces were also detected. Further investigation is required to determine
whether these peaks indicate Na+ accumulation at the interfaces or whether these peaks are mere artifacts,
such as the matrix effect [25, 26].

Performance degradation was predominantly linked to reductions in JSC, with moderate impacts on FF
and negligible changes in VOC, in line with results from prior work [23]. JV analysis revealed variations in
both shunt and series resistance, suggesting the formation of a Na+ shunt path within the device [17, 22],
contributing to decreased shunt resistance. Moreover, the potential accumulation of Na+ at the interfaces
of the transport layers may impede carrier extraction, further impacting the device performance.

Interestingly, PL and XRD analyses revealed no signs of perovskite segregation or decomposition,
diverging from previous studies [18,19,21,22]. This discrepancy challenges the conventional understanding
of PID. It may suggest that environmental stressors such as moisture and oxygen could initiate degradation
pathways, with Na+ migration acting as an accelerant rather than the primary cause.

By employing a PID stress setup that eliminates external stressors, this study provides critical insights
into the role of Na+ migration in perovskite degradation. However, further microstructural characterization
is necessary to elucidate its impact and develop effective mitigation strategies. Future studies should
systematically introduce environmental stressors to resolve discrepancies with existing literature and clarify
their potential interplay with PID. A deeper understanding of these complex ion interactions is essential
for the development of durable and stable perovskite photovoltaic technologies.
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