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Abstract 

We report a consensus between researchers in the field of perovskite solar cells (PSC) 

on procedures for conducting and reporting PSC stability testing. The International Summit on 

Organic Photovoltaic Stability (ISOS) protocols are re-assessed and extended for PSCs. In 

particular, the updated protocols highlight testing for: (1) Redistribution of charged species under 

electric fields, (2) distinguishing between degradation induced by various stress factors, and (3) 

reversible degradation. The recommended protocols are not for replacing existing qualification 

standards (e.g., IEC 61215), but rather to contribute to developing an understanding of PSC 

degradation mechanisms on research devices. Acceptance of these protocols and sharing the 

suggested datasets will facilitate inter-laboratory coordination will aid accumulation of PSC 

stability data acquired under well-defined and comparable conditions. This will allow the application 

of advanced approaches to analyzing large data sets, such as machine learning methods, and will 

accelerate the development of stable PSC devices. 
1. Introduction

To ensure economic feasibility and competitive levelized cost of electricity, a new photovoltaic 

(PV) technology must achieve long-term stability. Desired durability can range from a few months to 

25 years depending on the application, and is linked to the lifetime of the product in which the PV 

device is integrated (for example, the application range spans from disposable electronics to long-term 

facade elements). For power plants, the expectation for a PV module is 20 to 25 years of operation to 

match the reliability of currently employed silicon wafer-based modules. Halide PSCs are one of the 

most promising emerging PV technologies, especially when employed in high-efficiency multijunction 

architectures. The power conversion efficiency (PCE) of these potentially inexpensive, solution-

processable devices has exhibited tremendous growth over the last decade, reaching 24.2% in a single 

junction PSC and 28% in a perovskite-on-silicon tandem 1,2. The next major challenge for PSC 

technology, along with large area processing and manufacturing upscaling, consists in improving their 

reliability. 

The degradation of PSCs is affected by multiple parameters, including the exposure to visible 3 

and ultra-violet (UV) 4 light, high temperature, 5–7 contamination from the ambient environment 

(oxygen, humidity) 8–10 and electrical bias 11–13. A detailed understanding of the various failure modes 

occurring during in-field operation of the solar cells is key to minimizing or even eliminating 

performance losses. Together with field tests, accelerated life-time (ALT) tests are of fundamental 
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importance to reduce the time to market of a new PV technology. Ideally, this requires sufficient 

understanding and verification that ALT testing indeed reproduces and amplifies only the failure modes 

observed under real operational conditions. Moreover, the acceleration factor should in principle be 

derived from a physical model such as, for example, the activation energy (i.e. the Arrhenius factor) in 

thermal ALT tests. 

In 2011, a broad consortium of researchers developed recommendations for stability evaluation 

of organic photovoltaics (OPV) 14. These standardized aging experiments are recognized as the “ISOS 

protocols”, and were established at the “International Summit on Organic PV Stability (ISOS)” 

(Roskilde, Denmark; 2010). The ISOS protocols outline a consensus between researchers in the OPV 

field on performing and reporting degradation studies in a controlled and reproducible way, with fewer, 

yet more comparable testing conditions than those previously considered by the OPV community. The 

well-classified ISOS testing protocols and reporting requirements have subsequently allowed direct 

comparison of results between different research laboratories working on different solar cell designs, 

thus enabling successful round robin experiments, 15–17 and a comprehensive understanding of 

degradation in those devices. 

Similar to the situation for OPVs several years ago, stability studies for PSCs are drawing 

increasing attention, as reflected by the growing number of publications on the topic and the increasing 

shift in emphasis of research in the field toward stability-related issues. Despite a large number of 

publications (over 3000 papers related to PSC stability only in the last three years), it is difficult to 

compare available results, mostly due to differences in the control and reporting of parameters as well 

as the inconsistent application of statistics to PSC stability data 18. The time is now ripe for the 

development of unified PSC stability evaluation procedures 11,18–26, that the research community can 

broadly adopt, similar to the procedures recently developed for PSC efficiency measurements 27–30. The 

ISOS protocols are an excellent starting point for unification of PSC degradation and stability testing, 

provided the particularities of perovskite solar cells are also addressed in the new protocols. The aim is 

to develop a consensus on standardized testing that enables consolidation of a large volume of 

published data into a single database. This can, in turn, be used to reliably compare stability studies, to 

analyze the relative significance of various degradation factors, and to ultimately identify key failure 

mechanisms in the devices. If the research community adopts a unified set of protocols in their 

experimentation and, perhaps more critically, in their reporting, a broad PSC stability database for 

different perovskite compositions (bandgaps) as well as solar cell layer stacks and architectures can be 



accumulated over time, eventually allowing easier identification of common features. In turn, this can 

lead to the effective implementation of machine learning (ML) toward predicting lifetimes and failures 
31.  

The present work presents and extends the outcomes of a Round Table discussion of this issue 

that took place during the 11th International Summit on Organic and Hybrid Photovoltaics Stability 

(ISOS 11) in Suzhou, China in October, 2018 32. The manuscript is organized as follows: First, the 

published ISOS stress protocols are reviewed, highlighting their relevance for understanding PSC 

degradation pathways. Then additional stress tests that account for stability issues particular to PSCs, 

which are not considered by existing protocols, are proposed. Next, stability characterization methods 

and reporting standards are discussed. Finally, we consider the opportunities for data analysis arising 

from unified testing procedures on various devices by multiple research groups.  

ISOS stability protocols are most frequently applied at the cell level, but their application to 

neat materials, “half” cells (incomplete PV stacks) and mini-modules can also provide 

valuable information on degradation processes. These protocols are not intended to be a standard 

qualification test, nor are they suited for application by industry or insurance agencies. Unlike 

qualification standards, the solar cell cannot pass or fail ISOS stability tests. Instead, these are 

research guidelines aimed at ensuring the comparability of solar cell testing performed at 

different laboratories, and therefore assist in improving the quality and relevance of published 

data in the field. The existing qualification tests described in the IEC 61215 and 61730 standards 
33,34 were designed to apply to the field performance of silicon wafer-based solar panels to screen for 

well-understood degradation modes generally associated with conventional solar module level issues. 

These tests are unlikely to be well suited to emerging PV technologies (i.e., organic, dye-sensitized, 

halide perovskite, among others), due to their fundamentally different material properties and device 

architectures. In fact, today, various reports show that the stability of perovskite-based devices 

cannot be fully assessed by the procedures developed for conventional PV products. In particular, 

when testing PSC stability, special attention should be paid to 1) recovery processes after stress 

removal; 2) the presence of mobile charged species (ions); and 3) distinguishing the processes 

related to exposure to ambient atmosphere, from device-related, intrinsic factors. PSCs are also 

known to exhibit hysteresis in their current density-voltage (J-V) characteristics (i.e., a dependence 

of the J-V measurements on direction and rate of the voltage sweep 35,36), which imposes 

constraints on the cell performance and stability characterization methods, but not necessarily 

signifies less stable devices37. The update to the ISOS aging protocols presented here reflects all 

mentioned features. In addition, we suggest reporting guidelines to facilitate data 6 
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aggregation and comparisons. To this end, we also advocate the reporting of performance of sub-

optimized cells in addition to that of “champion” devices, as these data sets are critically important for 

training machine learning models.  

2. Existing ISOS stability protocols

As noted by Christians et al., stability research should be performed at three connected 

hierarchical levels: material, solar cell, and solar module 21. Many of the stress tests specific to 

encapsulated modules (such as hail test, PID, bypass diode stability etc. 33,34), as well as mechanical 

stability and special consideration for space applications, are outside the scope of this report, and 

indeed will likely be leveraged from the existing IEC 61215 standard.  

ISOS protocols designed for OPV are grouped by the applied stresses (see Table 1) 14. Each 

group of the original ISOS protocols has three levels of sophistication, which aim at covering different 

levels of laboratory infrastructure. The first level requires only basic equipment providing lower control 

over the stress factors. The second and third levels require more specialized tools, such as 

environmental chambers and maximum power point (MPP) trackers, but provide a higher level of 

confidence in the results reported and, in most cases, more stringent test conditions. Explicit values in 

Table 1 stand for the controlled (i.e. monitored and adjusted) parameters. Note, that suggested 

protocols allow working with both encapsulated and unencapsulated devices as long as it is clearly 

reported (see detailed discussion in section 3.3).  

Dark storage studies (ISOS-D) provide information on the tolerance of the solar cells to 

oxygen, moisture, other aggressive atmosphere components (e.g. CO2, NOx, H2S, etc.) and elevated 

temperatures. In other words, ISOS-D tests give an estimation of the cell shelf life under ambient 

conditions without light exposure. Ambient atmosphere is crucial for the lifetime of 

perovskite absorbers and some of the transport layers used in PSC architectures 9,38,39. Particularly, 

interaction with ambient species can promote the formation of traps 40 or charge barriers 41 (as a result 

of increased density of mobile defects/ionic species and electronic traps within the active 

layer) as well as perovskite decomposition, which quickly deteriorate device performance 8. 

Atmospheric species were also shown to charge perovskite surface, affecting ions distribution 

across the device 42. Elevated temperatures are used to study the thermal stability of the cell and to 

accelerate the degradation induced by other stressors 43. Thermal degradation in the dark was 

observed in PSCs at elevated temperatures due to chemical and structural instabilities of the 

absorber materials 25,44 or transport layers 45,46. 
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Notably, some metal halide perovskites undergo phase transitions in the temperature range relevant for 

PV applications.47,48 At the moment, the impact of phase transitions on the device lifetime is unclear, 

and so is the impact of different temperature regimes during (accelerated) aging. ISOS-D-1 tests on-

shelf stability, where the cell environment is only monitored but not explicitly controlled (it is assumed 

that room temperature (RT) in the laboratory is 23±4 °C). Monitoring and reporting ambient relative 

humidity level is critical in all the protocols, since dry (R.H. < 20%) and humid air represent 

dramatically different stress conditions for PSCs39,49. ISOS-D-2 is a thermal stability test performed at 

controlled (i.e. monitored and adjusted) elevated temperatures of 65 or 85 °C. ISOS-D-3 is a damp heat 

test requiring accurate control of both temperature and humidity with the same temperature setpoints of 

65 or 85°C and the introduction of 85% relative humidity.  

In outdoor stability studies (ISOS-O), aging is achieved under illumination by natural sunlight 

at ambient environment. Although these conditions are not necessarily reproducible (they depend on 

weather, location, season etc.), the results of outdoor testing are the most relevant to the device 

operation. Unlike other protocols, they can be directly applied for realistic device lifetime assessment, 

albeit specific to a given climate. Field tests also allow determining whether the list of failure modes 

identified in the lab is complete and adequate for understanding reliability of the solar cell under real 

operating conditions, and further, can provide a reference point for acceleration factor calculations. A 

similar approach was originally pursued to rapidly accelerate the stability of Si modules through the 

Flat-Plate Solar Array project (FSA) using five “Block Buys” that directly correlated outdoor tests with 

having passed various qualification tests that ultimately helped form the foundation of IEC 61215 50. In 

this manner, in the FSA project from 1975-1985 outdoor module reliability was improved in a manner 

that reduced module failure rates from ~50% pre-Block V to ~1% for Block V 51,52. To date, PSC 

outdoor stability studies are scarce 53–56, but the community has gained some critical insights with 

ISOS-O experiments, such as the importance of light/dark cycling 54 and the unexpectedly high open 

circuit voltage at low illumination intensities 55. Under the ISOS-O-1 protocol, periodic measurements 

of J-V curves are conducted under illumination from a solar simulator. In ISOS-O-2, the J-V 

measurements are periodically acquired under natural sunlight. In ISOS-O-3 both in-situ maximum 

power point tracking under natural sunlight and periodic performance measurements under a solar 

simulator are performed.  

The results obtained by J-V measurements and MPP tracking do not necessarily coincide in 

PSCs (Fig. 1a) 22, although they generally demonstrate similar trends 11,57. Therefore, it is crucial for 
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PSC characterization to rigorously describe the load and recovery time before J-V measurements. MPP 

tracking is encouraged, whenever possible, both as the most practical electrical bias condition for aging 

and as a reliable tool for PSC performance assessment (see more discussion in section 4.1). However, it 

is mandatory only at the third, most advanced level of ISOS protocols. It is also possible to use a fixed 

voltage bias near MPP (instead of active MPP tracking) at lower sophistication levels, as suggested by 

the original ISOS protocols14. 

Light-soaking stability (“Laboratory weathering” in the original ISOS protocols14) experiments 

(ISOS-L) in PSCs have been found to promote ion and defect migration 58–63 as well as phase 

segregation 64,65 in the perovskite photoactive layer causing efficiency degradation. Additionally, light 

can catalyze/accelerate harmful chemical reactions, which lead to perovskite decomposition 66 or defect 

formation 67. Detrimental changes in organic charge extraction layers, material intermixing at the 

interfaces, and ions exchange with adjacent solar cell layers can also be caused by cell illumination 
61,68,69. Similar to OPV 70 and DSSC 71, special attention should be paid to the spectral composition of 

the light source when studying PSC stability, particularly in the UV range. UV light was shown to 

assist perovskite decomposition 72 and increase the non-radiative recombination rate in PSCs based on 

mesoporous TiO2, 73 which thus may require UV blocking layers to become more stable. PSCs 

with novel transport layers were shown to be tolerant towards UV irradiation 74,75. Light from UV-

A and UV-B spectral ranges may have different effects on PSC stability 76.  

Thermal cycling (ISOS-T) in the dark and light-humidity-thermal cycling (“Solar 

thermal humidity cycling” in the original ISOS protocols14) (ISOS-LT) are more sophisticated 

protocols that evaluate the damage to photovoltaic devices caused by diurnal and seasonal variations of 

the weather in terms of solar radiation, temperature, and humidity. These tests are relevant to PSCs 

as for any other outdoor dedicated PV technology since they i) simulate realistic conditions, ii) 

stimulate failure mechanisms related to delamination of layers/contacts77 and iii) are included in 

the qualification standards 78. Particularly for PSCs, Schwenzer et al. demonstrated that the 

degradation under varying temperature is more severe than that under constant extreme temperatures, 

which was attributed to the effect of ions accumulation at the contacts 6. Cheacharoen et al. solved 

a delamination issue from thermal cycling by adding a flexible polymer buffer layer around the 

mechanically fragile perovskite, which resulted in strengthening of the weakest organic layer within 

the PSC stack measured by the fracture energy and PSCs retaining more than 90% of their 

performance after 200 cycles between -40 to 85 °C77. Tress et al. applied temperature-illumination 

cycling, which resembles weather conditions 
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in central Europe during several representative days, to PSCs held in a nitrogen atmosphere 79. 

This gave insights into the real-world operation of PSCs and emphasized the complex 

interplay of temperature-dependent transient effects during the day with reversible and 

irreversible degradation processes. Depending on the available equipment, temperature cycling 

varies from simple turning on/off the hotplate installed in an ambient environment, to complex 

temperature and humidity cycles inside an environmental chamber. Examples of the cycles can be 

found elsewhere 14,78. 
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Table 1. Overview of reported 14 and suggested ISOS protocols. The latter are printed in bold. 

Dark storage (ISOS-D) Light-soaking (ISOS-L)
Test ID D-1 D-2 D-3 L-1 L-2 L-3
Light 
source None None None Solar 

simulator
Solar 

simulator
Solar 

simulator

Temp. Ambient 
(23±4 °C) 65/85 °C 65/85 °C Ambient 

(23±4 °C) 65/85 °C 65/85 °C

Rel. 
humidity Ambient Ambient 85% Ambient Ambient ~ 50%

Environment
/setup Ambient air Oven, 

ambient air Env. chamber Light only Light & temp. Light, temp. & 
R.H.

Charact. 
light source

Solar sim. or 
sunlight

Solar 
simulator 

Solar 
simulator 

Solar 
simulator

Solar 
simulator 

Solar 
simulator 

Load OC OC OC MPP or OC MPP or OC MPP
Bias stability (ISOS-V) Outdoor stability (ISOS-O) 

Test ID V-1 V-2 V-3 O-1 O-2 O-3
Light 
source 

None None None Sunlight Sunlight Sunlight 

Temp. Ambient 

(23±4 °C) 
65/85 °C 65/85 °C Ambient Ambient Ambient 

Rel. 
humidity 

Ambient Ambient 85% Ambient Ambient Ambient 

Environment
/setup Ambient air 

Oven, 
ambient air 

Env. chamber Outdoor Outdoor Outdoor 

Charact. 
light source 

Solar 

simulator 

Solar 

simulator 

Solar 

simulator 

Solar 
simulator Sunlight 

Sunlight and 
Solar 

simulator 

Load/ 
voltage bias 

Positive: 

VMPP; VOC; 

Eg/q; JSC

Negative: 

-VOC, JMPP a) 

Positive: 

VMPP; VOC; 

Eg/q; JSC
 

Negative: 

-VOC, JMPP a)

Positive: 

VMPP; VOC; 

Eg/q; JSC

Negative: 

-VOC, JMPP a)

MPP or OC MPP or OC MPP 

Thermal cycling (ISOS-T) Light cycling (ISOS-LC) 
Test ID T-1 T-2 T-3 LC-1 LC-2 LC-3 

Light 
source 

None None None 
Solar Simulator/dark  

Cycle period: 2, 8 or 24 h 

Duty cycle (light:dark): 1:1 or 1:2 

Temp. r.t. to 65/85 °C r.t. to 65/85 °C -40 to +85 °C Ambient 

(23±4 °C) 
65/85 °C 65/85 °C 

Rel. 
humidity 

Ambient Ambient <55%b) Ambient Ambient <50% 

Environment
/setup 

Hot plate/ 
oven 

Oven/env. 
chamber Env. chamber Light only Light & temp. 

Light, temp. & 

R.H. 

Characteriz
ation light 

Solar 
simulator 

Solar 
simulator 

Solar 
simulator 

Solar 

simulator 

Solar 

simulator 

Solar 

simulator 
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source 
Load OC OC OC MPP or OC MPP or OC MPP 

Light-humidity-thermal cycling (ISOS-LT) 

Test ID LT-1 
Solar-thermal cycling 

LT-2 
Solar-thermal-humidity cycling 

LT-3 
Solar-thermal-humidity-freeze 

cycling 
Light 
source 

Solar simulator Solar simulator Solar simulator 

Temp. Linear or step ramping between 
room temp. and 65 °C 

Linear ramping between 5 °C 
and 65 °C 

Linear ramping between -25 °C 
and 65 °C 

Rel. 
humidity 

Monitored, uncontrolled 
Monitored, controlled at 50% 

beyond 40 °C 
Monitored, controlled at 50% 

beyond 40 °C 
Environment

/setup Weathering chamber Env. chamber with sun 
simulation 

Env. chamber with sun 
simulation and freezing 

Characteriz
ation light 

source 
Solar simulator Solar simulator Solar simulator 

Load MPP or OC MPP or OC MPP or OC 

OC stands for open circuit condition; MPP – maximum power point. 
a) VOC, VMPP, and JMPP are determined from light J-V curves measured under standard solar cell testing
conditions on a fresh device. Eg and q are the bandgap of the active layer and elementary charge,
respectively.
b) Relative humidity is controlled at temperatures above 40 °C, and uncontrolled for the rest of the cycle.
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3. Suggested new ISOS protocols relevant for PSCs

Recently some aging protocols for PSC were suggested 25,27. Mostly, they feature subsets 

of the original ISOS protocols described above, although some additional ideas, particularly 

concerning electrical bias application 25, have also been introduced. Below we suggest extensions 

of the aging procedures that particularly pertain to the unusual properties of halide perovskite 

PV. While a major part of the original purpose behind the ISOS protocols was to limit conditions 

for each level to facilitate more ready comparison, there is limited data on the following 

protocols. We propose a reporting framework, some example conditions, and a discussion as to 

why these might be relevant. A similar framework is likely to be useful for OPV and other 

emerging PV technologies. If these protocols become widespread over the next few years, the 

community can adopt a more informed decision on a limited number of consensus conditions. 

3.1 Light/dark cycling (ISOS-LC) 

Some PSC degradation modes have repeatedly been shown to be reversible (entirely or 

partly) in the dark (often referred to as metastability) 6,37,54,60,67,80–83. Therefore, cycling of 

light/dark periods to simulate the day/night cycle produces a significantly different stress test 

than under constant illumination (ISOS-L) 11,54. Two opposite types of dynamics have been 

demonstrated in the literature: photo-induced degradation with recovery in the dark 60,67 (Fig. 1c) 

and reversible photo-induced PCE increase with its subsequent decrease in the dark 54,82 

(Fig. 1b). In particular, reversible performance losses are attributed to cations 

redistribution 60, metastable defects formation 67 or reversible chemical reactions 66. The 

effects of PCE improvement under illumination after storage in the dark are commonly 

attributed to the neutralization of interfacial defects by photogenerated charge carriers or 

changes in the built-in electric field due to ion migration 84. The PCE dynamics during the cycle 

were shown to change with status of the cell degradation 81; for example, the term “fatigue” was 

introduced for slowing down of PCE restoration with each consecutive cycle (Fig. 1b) 82. Such 

metastability is attributed to the migration of ions, which is known to be pronounced in 

metal halide perovskites 83. Reversible and irreversible degradation mechanisms may co-exist 

in a given PSC 79,81,85.  

ISOS protocols revised for perovskite PV should, therefore, include a group of light/dark 

cycling protocols to account for the recovery phenomena (ISOS-LC in Table 1). For the ISOS-
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LC experiments, we suggest exposing the cell to simulated sunlight turned on and off with cycle 

periods 2, 8 or 24 h and duty cycles (light:dark) of 1:1 or 1:2. Among suggested conditions, 24 

hours-long cycles (12 h light /12 h dark or 8 h light / 16 h dark) mimic the diurnal sun 

cycle. However, as the interplay between degradation and recovery in realistic conditions 

can be complex 79 and dependent on the cell history, varying cycle duration and the duty 

cycle is expected to provide additional information onto the extent of reversibility and sufficient 

recovery times. At the ISOS-LC-1 level, the cell should be kept at ambient conditions 

while the temperature and relative humidity are monitored, but not controlled. At the ISOS-

LC-2 level, the cell is kept at fixed setpoint temperature of 65/85 °C in ambient atmosphere. At 

the ISOS-LC-3 level, relative humidity is controlled at 50% in addition to elevated 

temperatures. The sample atmosphere and required equipment are similar to corresponding 

ISOS-L protocols 14.  

Fig. 1. Specific features of PSC stability studies. (a) PCE extracted from continuous MPP tracking (red 

line) versus periodic J-V scans collected from forward to reverse bias (black circles) for the same PSC. 

Adapted from 22 with permission of Elsevier. (b) Normalized PCE of PSC subjected to repeated 12 h light 
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on/off cycles at 25 °C and 10% relative humidity. Adapted from 82 with permission of Elsevier. (c) PCE 

evolution of PSCs exposed to continuous (blue line) or cycled (6/6 h, red lines) illumination by white 

LED. Adapted from 11 with permission of Springer Nature. (d) Normalized PCE changes of PSCs exposed 

to different forward bias in the dark. Adapted from 13 with permission of American Chemical Society. (e) 

Light J–V curves of a PSC when it was fresh, after 1 min at −20 mA/cm2 and after recovering for over 3 h 

of maximum power point tracking. Adapted from 86 with permission of John Wiley and Sons. 

3.2 Electrical bias in the dark (ISOS-V) 

Electrical bias is shown to cause PSC degradation (which is also affected by the presence 

of other stress factors) 12,13,86,87. The degradation, in this case, is commonly initiated by ion 

migration 13 or charge carriers accumulation resulting in detrimental electrochemical reactions 9. 

Electric field is also shown to assist moisture-initiated perovskite degradation 87,88 since moisture 

ingress can result in the formation of hydrated perovskite phase containing mobile ions, 

whose drift accelerates the degradation 89. Both positive (Fig. 1d) and negative (Fig. 1e) 

biases were shown to be potentially harmful 13,86 and might be realized during the solar panel 

operation. In our view, ISOS protocols revisited for perovskite photovoltaics should include 

ISOS-V group of testing in which the behavior of the cell is analyzed under exposure to certain 

electric bias in the dark (see Table 1). 

Usually, the solar cell is kept near its MPP (i.e., positively biased with voltage < VOC), 

however, disconnected cells under illumination would be biased at open circuit voltages 

(typically, ~ 1 V for iodine single junction PSCs). We, therefore, suggest applying voltage equal 

to VMPP or VOC (as measured under AM1.5G illumination condition on fresh device) as a positive 

bias condition. Since bias-induced effects may have a threshold behavior13, we recommend 

voltages below Eg/q to avoid unnatural overstressing. Furthermore, a new protocol for assessing 

light-induced degradation (LID) in silicon modules will be introduced to IEC 61215. This will be 

applied to modules, which fail to stabilize in the efficiency measurement. However, instead of 

exposing the modules to light, they will be held under forward bias, such that the dark current 

density matches JSC. This condition was shown to mimic MPP under full sun exposure for silicon 

modules. While there is no similar data for PSCs, such stability test might be also useful. 
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In case of the partly shaded solar module (by clouds, dirt, nearby trees etc.), shaded 

cell(s) can be forced to operate under reverse bias to match the current flow through the rest of 

the module 86,90,91. The choice of negative bias stressing conditions depends on the anticipated 

module connection scheme, particularly on the use and choice of bypass diodes. At the moment 

there is no relevant understanding and experience for perovskite PV, therefore it is reasonable to 

learn from both types of experiments: with a constant negative bias applied (e.g., -VOC), relevant 

for modules with bypass diodes, and with forcing a current up to -JMPP (which in the dark would 

mean relatively high negative bias applied to the cell). The latter condition simulates the 

situation of a partially shaded module in the absence of a bypass diode. Practical negative bias 

condition will depend on the details of the anticipated module layout.  

Three sophistication levels differ by the level of control over the sample temperature and 

atmosphere and required equipment, which is similar to that in corresponding ISOS-D protocols 

(Table 1) 14. 

Electrical bias application can cause a redistribution of charged species across the PSC, 

which might be reversible after the stress removal 13. Thus, it is recommended to trace the cell 

recovery after the end of aging by storing it in the dark under open circuit (disconnected) 

condition and periodically checking its performance until it reaches saturation. For a similar 

reason, it might be challenging to ensure the steady state of J-V curve measurement after 

electrical bias stressing. We, therefore, recommend using MPP tracking (or stabilized current at a 

constant voltage close to MPP for ISOS-V-1 and ISOS-V-2) to account for possible transient 

effects. It might be also informative to report in-situ dark current (or voltage in constant current 

density mode) evolution during the stressing in addition to periodic J-V measurements in ISOS-

V protocols. 

3.3. Intrinsic stability testing (ISOS-I) 

The stress factors can be divided into two groups: (1) Intrinsic factors including light, 

temperature and electrical bias (relevant regardless of the cell encapsulation/protective 

environment), and (2) extrinsic factors governed by the cell interactions with such ambient 

species as oxygen and/or moisture (which are relevant assuming imperfect device encapsulation). 
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Generally, “encapsulated” devices refers to the protection of the solar cells by gas-barrier 

materials, delaying the contact between the solar cell and ambient air (especially moisture which 

may be the most harmful species degrading the solar cells). Encapsulation can be performed by 

glass/glass sealing, lamination of rigid or flexible gas-barrier materials, direct deposition of 

protective layers (for example, dense layers deposited by atomic layer deposition or plasma 

enhanced chemical vapor deposition) or by a combination of the above-mentioned processes. 

Extrinsic stability is dependent on the barrier properties of encapsulation materials (along with 

device sensitivity towards air and chemical compatibility between encapsulation materials and 

device). In order to fully understand encapsulated device degradation, knowledge of gas barrier 

properties and their stability appear crucial. Specific characterization tools exist to measure gas 

barrier properties of encapsulation materials and to quantify the amount of moisture that has 

permeated orthogonally 92–95 and laterally96,97 within the encapsulation. Such tools allow 

characterizing (and possibly improving) the encapsulation, independent of other device studies. 

The measurement of the lateral permeation from the edge of the encapsulation should mimic, to 

the extent possible, the operational encapsulation and take into account the interfacial permeation 

that is not considered in gas barrier measurement of bulk materials (this issue is particularly 

important if sealing materials are employed). The control of the self-resistance of encapsulation 

materials is particularly important as aging tests (high temperature, high humidity, UV) could 

cause degradation of the gas barrier protection and dramatic drops of the PV performance. 

Therefore, it is recommended to age encapsulating materials with the same aging conditions as 

encapsulated devices and to determine the gas barrier properties after aging. Development of 

dedicated encapsulation procedures constitutes a separate technological challenge, especially for 

PSCs 77,98–101.  

In the vast majority of studies, barrier properties of the encapsulant are unknown, which 

inhibits the ability to differentiate between intrinsic and extrinsic solar cell stability. Even if the 

device is nominally “unencapsulated”, the top evaporated electrode can play the role of a barrier 

(once again, with unknown properties). This has motivated many research groups to focus on 

intrinsic PSC stability by stressing the cells in an inert atmosphere, for example within sealed 

pouches, or with equipment installed in the inert atmosphere glove-boxes or environmental 

chambers. This approach has brought about important insights onto PSC degradation 
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mechanisms, and is helpful in separating the impacts of thermal stresses, light, bias, and their 

cycling on the device degradation 11,102,103. 

Table 2. Overview of suggested ISOS-I protocols for aging experiments in an inert atmosphere. 

Test ID Short description 
ISOS-D-1I Inert atm.; RT; dark 
ISOS-D-2I Inert atm.; elevated T; dark 
ISOS-L-1I Inert atm.; RT; light 
ISOS-L-2I Inert atm.; elevated T; light 
ISOS-V-1I Inert atm.; RT; dark; electrical bias 
ISOS-V-2I Inert atm.; elevated T; dark; electrical bias 
ISOS-LC-1I Inert atm.; RT; cycled light 
ISOS-LC-2-3I Inert atm.; elevated T; cycled light 
ISOS-T-1-3I Inert atm.; cycled T; dark 

Accordingly, the new family of ISOS standards should be included for the studies of 

intrinsic stability under a specific stressor conducted in an inert atmosphere (nitrogen, argon 

etc.). Index “I” is used at the end of the protocol name (see Table 2) to indicate the change of 

atmosphere in the corresponding test to the inert one, while other parameters are kept the same. 

For example, ISOS-L-1I stands for intrinsic photo-stability at room temperature (similar to 

ISOS-L-1 except for the atmosphere), ISOS-L-2I – intrinsic photo-stability at elevated 

temperature, etc. The latter protocol is very important as it is often chosen to demonstrate the 

lifetime of a given PSC in research papers. Notably, the new protocols family includes aging 

experiments with a single stress factor (only heat in ISOS-D-2I; only electrical bias in ISOS-V-

1I; only light in ISOS-L-1I etc.), which simplifies the analysis of degradation modes.  

We note that encapsulation not only inhibits reactions with ambient species, but may also 

prevent out diffusion of volatile perovskite decomposition products from the module. Similarly, 

it was recently demonstrated that ultra-high vacuum conditions accelerate the light-induced 

degradation of unencapsulated perovskite cells 104. There are further related complications due to 

the observation that oxygen plays a positive role in passivating deep traps levels in lead halide 

perovskites, but only at a very low partial pressure.105 Therefore, encapsulated PSCs may have a 

superior lifetime, compared to the unencapsulated samples, even for degradation experiments 

conducted in an inert atmosphere. Additionally, the environment in which the encapsulation is 
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performed may also play a role. Thus, reporting the presence/absence and details of the 

encapsulation is mandatory also in “I” protocols. 

4. Reporting stability studies

4.1. Checklist for PSC stability studies 

For comparison and reproducibility of results, it is crucial to report sufficient information 

about the aging experiments, in addition to a detailed description of the device preparation 18. 

Table 3 is a suggested checklist for stability data reporting, in accordance with that required by 

‘Nature’ journals for reporting PSC PV performance data 106. We stress that even if a parameter 

is not controlled during the aging experiment (for example, temperature or relative humidity 

(stating if this is the value in the laboratory at room temperature, or in the aging apparatus) on 

the first level of ISOS protocols), it is still important to monitor and report the parameters listed 

in Table 3. 

We recommend that researchers should specify the number of samples studied in each 

aging condition. According to critical analysis on the quality of PSC stability studies reported by 

Tiihonen and co-workers 18, nearly half of the studies consider only 1 sample of each kind, which 

is particularly worrisome for PSCs typically characterized by relatively low reproducibility. 

Ideally, statistics should be provided to account for sample-to-sample and batch-to-batch 

variations. The same work provides estimations of the desired sample size 18.  

Stability data are often reported as normalized parameter evolution with aging time, 

while only specifying the performance of a representative fresh device (champion or average). 

Thus, the reported stabilities and efficiencies may be measured on different devices 

and, therefore, cannot be directly related. Any plot with normalized parameter variation 

should include the value to which it is normalized 23.  

Due to the ongoing development of best practices for J-V and efficiency measurements 

on PSCs 27–30,107, the procedure for periodic measurements during the aging test should be clearly 

described. Typically, measurements of the J-V curve (or part thereof) are taken with certain 
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periodicity depending on the characteristic degradation timescale of particular devices. Since J-V 

hysteresis is common in PSCs, steps should be taken to ensure the measurements are taken under 

(quasi) steady-state conditions. This can usually be achieved using a dynamic J-V approach 28,108, 

which allows time at each voltage step for the current to settle (stabilize), or alternatively, using a 

very slow J-V scan in the vicinity of the maximum power point, usually repeated in the reverse 

direction to check for consistency. If suitable equipment is available, a third approach to logging 

the steady-state performance of the device over time is maximum power point tracking (MPPT) 
20,29,36. MPPT can be particularly effective, since it simultaneously holds the device at its normal 

operating voltage and measures the output. Due to hysteresis however, standard perturb-

and-observe (P&O) MPPT algorithms might be suboptimal for PSCs 109. Modifications of a 

P&O algorithm were suggested for effective MPPT in solar cells exhibiting hysteresis, 

including extended (asymmetric) thresholds for switching the voltage sweep direction109 and 

predictive MPPT algorithms with lowered settling times 110,111. If any form of MPPT is used 

during an experiment, the hardware and MPPT algorithm should be clearly referenced. Similar 

to OPVs112, preconditioning the PSC (with light and/or electrical bias) prior to each J-V scan 

may affect the outcome and should be reported. Additional non-destructive characterizations at 

the intermediate stages of PSC aging are encouraged, though care must be taken to account 

for possible cell recovery during the time of the measurements. 

MPPT is also recommended as a bias condition for aging experiments conducted under 

illumination while being mandatory only at the third sophistication level. When MPPT is 

performed throughout the entire aging test, it is recommended to periodically measure J-V 

curves, since these measurements provide more detailed information on the degradation 

mechanism. Additional non-destructive characterizations at the intermediate stages of PSC aging 

are encouraged, though care must be taken to account for possible cell recovery during the time 

of the measurements. 

For every light source an irradiance in the range 800-1000 W/m² should ideally be 

applied, and the exact value of irradiance reported. Another important factor to be considered 

during aging experiments is the type and spectrum of the light source used. Table S1 shows a 

collection of the most stable reported PSCs to date that withstand more than 1000 h of light-

soaking while losing less than 15% of their initial PCE. As follows from Table S1, five main 
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types of light sources were used: a) Sulfur plasma lamp, b) white Light Emitting Diodes (LED), 

c) metal halide/Xenon Lamp, d) “solar simulator” and e) “outdoor” (i.e., real sunlight). The 

“solar simulator” section (Table S1, section d) encompasses many devices analyzed under 

unspecified conditions of irradiation. Sulfur plasma and white LED illumination typically do not 

include UV light and thus it is redundant to report the use (or not) of a UV filter (except for the 

modern LED sources with extended range, which may have components in 300 to 400 nm 

range); reporting that “no UV filter was applied” is misleading in this case. Metal halide and 

Xenon arc lamps include UV light and thus, their use requires reporting the application of a UV 

(or any other) filter. Reporting the company and model of the solar simulator is good practice 

(one can refer to the company’s online information). Note that ASTM's class “A” for simulated 

solar spectrum is relevant between 400-1100 nm only113. Therefore, the type of light source used 

and its spectrum (as supplementary materials) should always be clearly specified. Reporting 

“AM 1.5G illumination” without specifying the light source, the solar simulator details and the 

calibration procedure, is not sufficient. 

Furthermore, that some of the light sources described above (especially Xenon lamps) 

may degrade significantly on the timescale of the stability experiments. It is recommended to 

periodically check the light intensity with a reference cell and correct if needed.  

There are reports that PSCs, as well as DSSCs 114,115 and OPVs 116–119, might be suitable 

for indoor and outdoor low light intensity applications 120,121. Indoor light illuminance is 

significantly smaller (100 to 200 lux in a typical home, and 250 to 1000 lux in an office 122, 

which corresponds to roughly 1% of 1 sun irradiance). Spectra of indoor light sources are also 

significantly different from natural sunlight and there is still no standard spectrum for indoor 

solar cells testing 123. Artificial indoor light sources can be roughly divided into four different 

categories: a) Black Body (incandescent bulbs, “warm” white light); b) Compact Fluorescent 

Lamp, c) white LEDs and d) High Pressure (e.g. phosphor, sodium, mercury) lamps 124. Among 

them, LEDs are predicted to increase the share of indoor lighting market due to their high 

lighting efficiency 125. For PSCs intended for low-intensity illumination, we encourage device 

characterization at several intensity levels (e.g. 200, 500, 1000 lx) and reporting the light source 

(preferably, LED) spectrum in accordance with original ISOS procedures 14. 
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 Table 3. Suggested checklist for reporting experimental stability test data. 

Initial cell characterization: Current-voltage (J-V) curves of fresh devices, including 
voltage scan conditions (scan speed, direction, dwelling time,  the number of power line 
cycles (NPLC), preconditioning etc.); stabilized photocurrent at MPP or MPP tracking 
data of fresh device; EQE/IPCE spectra (indicating the lock-in frequency and light bias if 
used, and if monochromatic light is smaller than active area, or larger and optical mask 
applied) and its comparison to JSC obtained from J-V data. 
Encapsulation: Wiring (materials, processing conditions, addition of a protective sealant); 
front and back side encapsulation layer(s) (materials (reference or composition, thickness), 
processing conditions (environment, temperature, duration)); edge sealant (materials 
(reference, thickness, width), processing conditions); geometry (rim (minimum distance 
between encapsulation edge and active area edge); device active area; picture or a scheme 
of the device). 

Aging conditions:  
The light source used in the aging experiment (light source type, intensity, spectrum, 
filters applied, calibration); light cycling (if applicable).  
Temperature (in shadow and/or under the illumination, measured with thermocouple or 
black standard temperature sensor).  
Atmosphere (air/ glovebox/ sealed pouch/ environmental chamber etc.; controlled or 
monitored). 
Electrical bias condition (open circuit/ maximum power point/ short circuit/ constant 
load). 
Conditions cycling (dwell and period times), if applicable.  
Do your test conditions comply with known protocols (IEC/ ISOS etc.)? 
Aging time: Exposure time to stress conditions; performance loss observed during that 
time, resting times (e.g. without stress). 

Measurements during aging: Periodically recorded J-V curves (recording frequency, 
scan speed, direction, NPLC, dwelling time, preconditioning, etc.), recovery time and 
conditions, maximum power point tracking (including tracking algorithm), and other 
periodic measurements if applied.  
Number of samples: Number of solar cells of each type tested in each aging condition, 
statistical analysis (if applicable). Number of samples still operating above a specified 
efficiency level at the end of the aging test. 
Outdoor stability: Location (city/coordinates) and dates of exposure, the weather 
conditions (temperature, humidity, sunlight irradiance) throughout the exposure period, 
preferably in tabulated format.  
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4.2. Stability figures of merit and acceleration factors 

The time corresponding to efficiency drop to below 80% of its initial magnitude is 

commonly referred to as T80. T80 often serves as a figure of merit (FOM) of solar cell stability; it, 

therefore, would be optimal as the minimum aging test time. Despite the apparent simplicity, 

there are several approaches126,127 to determine device T80 (see Fig. 2 and Table S2 for a 

summary). It is, therefore, of vital importance to describe in details metrics used when reporting 

stability studies. In particular, the original ISOS protocols14 suggested the use of stabilized TS80 

time, the time during which the PCE decreases by 20% of its magnitude after an 

arbitrarily defined stabilization time (blue color lines in Fig. 2). This suggestion is based on 

the widely known shape of ‘PCE versus time’ curve in OPVs with rapid initial degradation 

(“burn-in”) 127 followed by a stabilized region. While similar dynamics have been observed 
in some PSCs 11,128,129, it is not a universal trend for these devices (Fig. 3) and, thus, should be 

applied in cases where it is relevant. In case of non-monotonous PCE changes (see 

examples in Fig. 3), we recommend calculating TS80 starting from the time of observation of 

maximum efficiency. Third available strategy for T80 determination is similar to TS80 (green lines 

in Fig. 2), but includes the “burn-in”/light soaking time into the lifetime FOM and suggest a 

linear back extrapolation to redefine starting PCE in case of curves with “burn-in” 

effect 130. If properly applied, extrapolation of aging data (or readily achieved T80 

lifetimes) can be used to evaluate another highly relevant parameter for particular 

application scenarios: by combining the power conversion efficiency with lifetime, the 

lifetime energy yield (LEY) can be calculated 127. This helps in comparing energy invested 

into device production with expected energy output, a parameter relevant for life cycle 

analysis.  
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Fig. 2. Possible practices for T80 estimations (the time of PCE decrease by 20% of its initial value). The 
black curves schematically show PCE evolutions with aging time in the case of “burn-in” effect (a) and in 
the case of non-monotonous PCE changes (b). Three depicted strategies for T80 estimations differ in the 
way the initial PCE is estimated (“100 %”) and the starting point of the aging timer (shown in the figure 
as circles of corresponding colors). (1) 80% is counted from the initial PCE at t=T0; shown in 
orange color. (2) 80% is counted from back-extrapolated PCE value (a) or from the maximum value 
over the experiment (b); the timer starts at t=T0; shown in green color. (3) 80% is counted from 
PCE value at t=Tburn-in (a) or at t=Tmax (b), the time starts at corresponding timestamps; shown in blue 
color. 

The T80 of the most stable PSCs have been demonstrated to exceed 1,000 hours (42 days) 

or even 10,000 hours (>1 year) for 2D-3D perovskites 131 under certain stress conditions 

including illumination 58,128,132. Considered recent advancements in PSCs stability (see also table 

S1), we strongly recommend that reviewers and journal editors discourage the use of word 

“stable” in the title of scientific papers if they don´t match the state of art in terms of efficiency 

losses and harshness of aging conditions (1000 h under 1 sun illumination with PCE decrease 

less than 20% as a rule of thumb). Notably, such long exposure times are challenging to realize. 

If T80 is not reached, it is difficult to predict the lifetime based on the observed ‘PCE 

versus time’ trend, due to the variety of curve shapes observed (Fig. 3). In this case, we 

suggest 

performing aging for at least 1000 hours and using the PCE after 1000 hours of stress (η1000, as a 

percentage of the initial PCE) as stability FOM. If authors choose to apply any kind of 
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extrapolation to determine T80 or TS80, it must be clearly distinguished from the measured data. 

In this case, it is recommended to limit the extrapolation times to below one order of magnitude 

larger than the actual aging time. As the stability of PSCs improves, it may become common to 

quote T95 values, the lifetime to degrade to 95% of the starting efficiency, for the more stable 

cells. This will also be in keeping with the IEC procedures, where the pass-criteria is for the 

modules to operate at >95% of their starting performance after the stress exposures. 

The presence of reversible degradation in PSCs complicates their stability assessment. 

There are no broadly accepted FOMs accounting for partial reversibility at the moment, 

however, some procedures are currently debated 22,54. Recovery effects can be studied in two 

types of experiments: 1) Continuous aging followed by the performance tracing after the stress 

removal, or 2) cycled stress experiments. In the former case, it was suggested to correct T80 

accounting for the amount of restoration occurring during the rest period 22. In cycled 

experiments (such as ISOS-LC), an analogue of T80 metric might be introduced for the energy 

output per cycle54.   
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Fig. 3. Examples of the best PSC’s stability reported so far, demonstrating a variety of possible PCE 

evolution trends upon aging under 1 sun illumination. Adapted from 53,58,73,132 with permission of Springer 

Nature and John Wiley and Sons.   

The ISOS testing protocols do not provide direct information on the expected lifetime of 

the solar cell under operational conditions. For such evaluations, the concept of Acceleration 

Factor (AF) was previously utilized 133. AF is a constant, which relates the times to failure under 

accelerated and reference (operational conditions) stress tests. Once the AF is determined for an 

aging protocol, the accelerated test can be used to estimate cell lifetime in a fast and reproducible 

manner in the laboratory. For this, the aging conditions used for testing should only accelerate 

the degradation modes active under real-world operation. To date, no reports have been made of 

AFs of PSCs subjected to accelerated aging. However, attempts to deduce AF for accelerated 

aging of OPVs have been more widespread 43,133,134 and reports for PSCs are anticipated to 

appear as the technology matures. Kettle et al. have deduced AFs for most ISOS tests relative to 

outdoor conditions in northern Europe using OPV mini-modules 133. Overall, it was shown that 

dark storage ISOS-D tests could yield AFs between 0.45 (ISOS-D-1) and 12 (ISOS-D-3). Light 

soaking ISOS-L tests showed an AF of 15 and 24 in ISOS-L-1 and ISOS-L-2 tests, respectively.  

To further speed up the development of stable PSCs, using a high-intensity light has been 

suggested 19,135–138 and utilized for degradation studies of perovskite absorbers 135 and solar cells 
137 with intensities up to 100 and 10 suns, respectively. Rough estimates show that even 

moderate light intensities of several suns can tremendously accelerate the degradation. For 

example, Boyd et al. estimated that operating the solar cell for 1000 h under continuous 

illumination with an intensity of only 5 suns under 85 °C would provide an equivalent of tens of 

years of outdoor testing if degradation scales linearly with light intensity 19. Such intensities are 

easily achievable with commercial light sources and solar concentration.  

High light intensities (up to hundreds of suns and beyond) can provide substantially 

higher acceleration factors, which may be required to assess the durability of future generations 

of stable PSCs. However, such tests require careful independent control of cell temperature and 

illumination intensity 139,140. Moreover, care should be taken to check whether the degradation 

mechanisms occurring under high light intensity and under 1 sun are identical. To the best of our 

knowledge, such studies have not been reported for PSCs. However, corresponding experiments 
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with OPVs under concentrated sunlight (both polymer- 141 and small molecules-based 134,142) 

revealed that increasing the light concentration from 1 sun to 100 suns did not change the 

degradation mechanisms. Similar results were obtained using high intensity simulated sunlight 
142,143 with OPV lifetimes of tens of years predicted in each case.  

5. The significance of consensus for further research and data analyses

As ISOS protocols are intended for research purposes, a variety of testing procedures is 

suggested (see Table 1) concerning the four major degradation factors: atmosphere, temperature, 

electrical bias, and light. Table 4 shows a graphical representation of the corresponding aging 

test details, which can be used to study the effect of these factors and their combinations. For 

each combination of light and bias, 9 types of aging protocols might be suggested with respect to 

temperature (ambient; elevated or cycled) and atmosphere (ambient; controlled humidity level or 

inert). Apart from determining the lifetime of a given solar cell at specific conditions, additional 

information on the impact of the stress factors might be gained by comparing the results of 

different aging procedures to each other. For example, comparison of D-1 and D-2 protocols will 

provide insight on the effect of elevated temperature; D-2I, D-2 and D-3 – the effect of an 

atmosphere; D-2 and L-2 combined effect of light and heat etc. Arrows aside Table 4 

schematically depict these relationships. 

The many blank spaces in Table 4 can be filled with corresponding aging procedures (by 

analogy with additional ISOS tests suggested in section 3) in a straightforward manner. Other 

protocols can be constructed by varying “fixed” parameters (e.g. temperature, light intensity, 

R.H.). We do not aim to cover all the possibilities with ISOS protocols nor discredit studies with

a systematic variation of a particular stressor. Nevertheless, these investigations would benefit 

from having common “reference points” with other studies conducted at different laboratories, 

device architectures, perovskite materials, and even different research questions in mind. 

Consensual conditions, like ISOS protocols, may serve as such references.  

Having unified procedures of stability studies with an easily machine-readable reporting 

structure could also lead to the creation of a large database that allows for more statistically 

reliable comparisons. Such a database is necessary to identify patterns in the data, and deduce 



28 

rules and heuristics for future work. Although the analysis of such large data sets will not be easy 

with the use of traditional approaches, statistical machine learning methods can enable important 

trends to be discovered 31,144,145. These methods will be facilitated if abundant and uniformly-

reported data sets are available. As indicated in Fig. 1, having enough data becomes less of an 

issue with a growing number of papers published in recent years. Unfortunately, this is not yet 

true for shared protocols. For example, in a previous work involving machine learning analysis 

of PSCs efficiencies, only 26% of 1921 randomly collected data points also contained steady-

state efficiencies measured with MPP tracking; even the protocols for these measurements were 

not completely uniform 144. However, this data subset resulted in better machine learning 

(ML) models compared to the entire dataset. The situation seems to be worse in stability 

related publications: in addition to unique measurement protocols, the storage conditions of the 

samples (which are also vital to assess the degradation process) are also not uniform, and not 

properly reported in a significant number of papers. These considerations make the 

requirement for consensus protocols even stricter for stability studies.  

Determining the role of each stressor on device performance through ML methods could 

enable a direct comparison between results from different research laboratories around the world. 

Briefly, by using information from aging measurements under the relevant stressors, as discussed 

above, one can optimize the steps needed for supervised learning algorithms. The PCE values 

obtained from aging tests are ideal training data and can be utilized for supervised learning. A 

so-called feature vector is implemented based on this data, and then the derived values are used 

as input for an artificial neural network or other machine learning tools. Ultimately, the 

reliability of ML strongly relies on having sufficient information (quantity and diversity) from 

aging tests that can provide an accurate prediction of device performance and degradation. Thus, 

the ML algorithms must be trained with extensive laboratory data, where prediction values can 

be compared to actual performance measurements. Once working, ML tools should provide 

knowledge extraction without the need to perform all tests presented in Table 4. Note that while 

the same ML algorithm can be implemented to predict the behavior of any type of perovskite, we 

anticipate that new datasets of aging measurements are needed for the distinct chemical 

compositions, considering the broad variability of performance dynamics for each. In order to 

accommodate the large number of perovskites possibly suitable for PV, a shared-knowledge 

repository database has been proposed 31, where positive and negative results (i.e., not only 
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champion cell, but also the suboptimal or underperforming devices aged under similar 

conditions) from stability tests are considered equally important for ML, as they all represent 

valuable training data. It is therefore critical that a trend emerges that all cells put into an aging 

test are measured and report for the duration, even total failures. At a research laboratory scale, 

this information could be shared if researchers identify the conditions utilized for perovskites’ 

fabrication and testing through a common website. The progress in this direction might be 

significantly accelerated if the researchers, who foresee their data being useful for ML, would 

provide complete information (on device’s fabrication, performance and stability) in 

standardized tabulated format (a possible template can be downloaded from SI). A similar 

strategy can be extended from PSCs to OPV and other emerging PV systems. Potentially, ML 

trained on a sufficiently extensive database can allow detecting statistically significant stress 

factors, correlating repeated phenomena in different studies towards detecting universal 

degradation phenomena and stabilizing approaches, and predictions of lifetimes and failure 

modes. 

Table 4. Stress factors affecting the solar cell in different ISOS protocols. 
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Summary and Conclusions 

This paper reports a consensus on procedures for perovskite solar cell stability studies 

discussed at the 11th International Summit on Organic and Hybrid Photovoltaics Stability (ISOS-

11). Suggested protocols primarily rely on the original ISOS standards developed for OPV 14, 

which have been shown to be highly relevant for uncovering various degradation pathways in 

PSCs. We further suggest extending the set of protocols in accordance with specific stability 

features of PSCs, including: 1) light/dark cycling (ISOS-LC) mimicking the diurnal cycle; 2) 

study of the cells behavior under continuously applied bias in the dark; 3) protocols for intrinsic 

solar cells stability studies (indexed with “I”). These tests have already proven their usefulness in 

understanding PSCs failure modes. We also propose a checklist for uniformly reporting results of 

PSC stability studies. This list ensures that the research can be reproduced and compared with 

results from other laboratories. Procedures and good practices for stability tests are discussed.  

We expect that the guidelines for conducting and reporting stability studies described in 

this paper will improve comparability between data from different laboratories and device 

architectures. The set of procedures and practices suggested here serve as an intermediate stage 

in perovskite solar cells technology maturing, aimed at the identification of degradation 

pathways and the prospects for their mitigation. If broadly accepted, these quasi-standards would 

significantly speed up stability data accumulation, which can be utilized for predictive machine 

learning to further facilitate the development of stable and reliable PV devices. 
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