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The long road to outdoor stability: real-world
challenges for controlling perovskite materials for
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Perovskite photovoltaics have demonstrated impressive performance in controlled laboratory tests, with

power conversion efficiencies as high as 27%, positioning them as promising alternatives to conventional

silicon-based solar cells for various applications. However, despite these major advances, operational

stability remains a limiting factor for commercial applications. Large-scale implementation requires

addressing challenges such as susceptibility to environmental stressors and the need for long-term

outdoor stability, which few standardized outdoor testing studies and publications have accurately

assessed. In this review, it is suggested that several stressors, such as temperature and irradiance

fluctuations, UV-light, humidity, and precipitation have a significant relevance on the long-term stability.

The main degradation reactions initiated by these stressors are reviewed for different compositions of

perovskite absorbers and charge transport layers. Furthermore, we reviewed recent in situ and/or

in operando studies of perovskite materials and devices under controlled conditions, which intend to

elucidate reaction mechanisms and/or interactions among the device’s layers in state-of-the-art

perovskite compositions, which pave the way for a more rational design of stable devices and highlight

the importance of developing in situ or in operando studies for each perovskite composition interacting

with other materials within the cell stack. For controlling perovskite solar cells (PSCs) and improving

outdoor stability, we emphasize strategies such as bulk modifications, interface engineering, and back

electrode design, and discuss each specific strategy used in the literature that has been proved in

outdoor conditions and its direct effect on device real-world stability. Moreover, additional strategies

such as optimized interconnection layouts, protective functional layers, and advanced encapsulation

materials are discussed. Additionally, in this work, an assessment of different measurement approaches

aligned with international standards such as IEC 61215 and ISOS was carried out across different climate

zones. Our analysis reveals a predominant focus on temperate climates in outdoor testing, along with

growing interest in correlating indoor accelerated aging data with measured outdoor performance. In

particular, tropical climates, with consistently high humidity, temperature, and solar radiation, provide an

ideal setting for exhaustive and accelerated stability tests to evaluate strategies for improving perovskite

devices. This review also emphasizes the need for expanding outdoor testing in diverse climates,

particularly those enabling rapid feedback and decision-making, as a critical step towards ensuring PSC

stability and commercial viability.

1. Introduction

The exceptional properties of metal-halide perovskite (MHP)
semiconductors, including high charge mobility,1–3 tunable
bandgap,4–8 long diffusion lengths,5,9 and the ability to be
processed at relatively low temperatures (o150 1C),2 have
enabled their use in the development of one of the most
promising emerging photovoltaic solar technologies: PSCs.
Although, during the initial years, the devices exhibited
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relatively low stability and power conversion efficiency (PCE),
the effort of the scientific community led to the fabrication of
devices with current record PCEs of 26.95% for single-junction
cells and 30.1% for full-perovskite tandem devices,10 matching
and even surpassing in some cases the performance of com-
mercial technologies. For context, within these, top performing
silicon-based panels using n-type substrates for household
applications can deliver PCEs of 24–25% under AM1.5,11,12

triple-junction GaInP/GaAs/Ge and quadruple-junction AlIn-
GaP/AlInGaAs/InGaAs/Ge modules for aerospace applications
display PCEs approaching 30 and 32% respectively under
AM0,13 light-weight CdTe panels show PCEs exceeding 19%,14

and flexible CIGS modules can deliver 17% PCE under AM1.5.15

The progress of PSCs has been made possible through
continuous improvements in manufacturing processes,16 com-
positional optimization,17 development of passivation of the
perovskite absorber,18–20 interface engineering,21–24 and encap-
sulation strategies.25–28 Particularly, encapsulation of the

devices remains a key area of study for PSCs, as silicon (the
market leader) has demonstrated operational stability of up to
25 years under real-world operating conditions, due to better
intrinsic stability, but mainly to the use of proper encapsulation
materials.29–32

The performance and stability of PSCs can be evaluated
under controlled laboratory conditions (Indoor) or outdoor
(uncontrolled) conditions. The second one is difficult to repli-
cate in the laboratory because of the variability and unpredict-
able nature of climatic conditions worldwide,33,34 however,
both approaches are essential and have provided valuable
knowledge for developing this technology. Indoor stability
evaluations are intended for accelerated testing and the emula-
tion of certain outdoor conditions,35,36 while outdoor stability
testing demonstrates device performance under real-world
operating conditions; which is crucial for deploying this tech-
nology in different countries and climates, as performance may
vary significantly in tropical, desert, or temperate regions,
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where factors such as device and environment temperature,
humidity, solar irradiance, and spectral distribution fluctuate
continuously and interact in complex ways.37

As a result of the rapid increase in efficiency and the need of
having stable PSCs, nowadays more effort has been placed on
stability evaluations, both indoor and outdoor, which moti-
vated the scientific community to rapidly adopt consensus
methodologies for assessing the stability of emerging photo-
voltaic technologies, where the proposed protocol during the
International Summit on Organic Photovoltaic Stability (ISOS)
in 2011,33,38 served as a base for a broader consensus for PSCs
in 2023.39 These protocols encourage the comparison of results
across laboratories, to promote a deeper understanding of
degradation processes, and ultimately extend the device life-
time. ISOS protocols are primarily designed for testing small
cells or minimodules in laboratory environments and do not
replace industry testing standards. For modules, stability
assessments must adhere to the International Electrotechnical
Commission (IEC) standard 61215.35 A significant difference is
that IEC standardized testing involves more rigorous assess-
ments of device stability compared to individual laboratory
tests. In fact, in the case of PSCs, according to the Perovskite
Database, more than 43 000 devices were reported and pub-
lished between 2015 and 2025, most of which do not include
associated stability data. Even so, more than 7000 devices have
been identified with stability information referenced to ISOS
protocols.40,41 Of these, only 5 reports use the ISOS-O protocol,
3 reports use the ISOS-LC-1 protocol, and 2 reports use the
ISOS-T-3 protocol (Table S1). These ISOS tests are particularly
relevant for any photovoltaic technology intended for outdoor
use, as they reproduce realistic conditions and trigger failure
mechanisms related to layer or contact delamination.42

Furthermore, these tests are included in the international
qualification standards for photovoltaic technologies.43 To

determine how many studies assessed stability under real-
world operating conditions, we performed a bibliographic
search using the Scopus database, complemented by articles
already registered in the Perovskite database. This search
returned 248 documents. A systematic review of the title,
abstract, and keywords of each article was subsequently per-
formed, with the aim of identifying those that explicitly
reported outdoor stability tests. As a result, it was found that
less than 30% of the articles (around 60 relevant publications)
met this criterion. The complete procedure is described in
greater detail in Note S1 and Table S2.

Meanwhile, as illustrated in Fig. 1a, evaluations under out-
door conditions are relatively scarce, but have demonstrated
that PSCs are steadily moving closer to achieve operational
stability within the several years range. The first report on
outdoor stability evaluation of PSCs was published in 2015
for a small area mesoscopic carbon electrode (printable) PSCs,
which remained stable during 1 week of outdoor exposure,44

with few reports or remarkable improvements until 2022.
However, after 2023 more reports have been published for
small labcells with sizes (0.05–10 cm2), minimodules (10–200
cm2), sub-modules (200–800 cm2) and even modules (4800
cm2)45 with total evaluation times for several thousand hours,
reaching a maximum of 4 years of outdoor evaluation, as
reported by Remec et al.46 This is the longest and most
comprehensive stability result reported for PSCs to date. In
this work, the authors monitored encapsulated p–i–n devices
for four years under real-world operating conditions in Berlin,
Germany. The results showed exceptional stability, with an
efficiency loss of only B2% during the first two summers and
15% over the entire evaluation time. However, changes in
device behavior were observed. During the summer months,
efficiency levels dropped by as much as 30% compared to
winter. These decreases are attributed to changes in the solar
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spectrum, operating temperature, losses in maximum power
point (MPP) tracking, as well as metastability effects. In con-
trast, in the winter, the devices experienced efficiency recovery
cycles demonstrating that some efficiency drops were reversi-
ble. Thus, recovery and degradation cycles were evident for the
winter and summer seasons, respectively, evidencing the parti-
cular behavior of perovskite materials degradation. These
results confirm the potential of long-term stability of PSCs
and highlight the need for extended outdoor testing in diverse
climate zones to accurately assess their real-world performance
and potential for commercial applications.

As real-world operating conditions are dependent on the
climate conditions (the country of evaluation), it becomes
essential to understand where the devices are tested as this
will lead to different performances according to the geographi-
cal location. Fig. 1b shows a world map of stability evaluations
of PSCs under real-world operating conditions. Few reports are
available in the Equator zone and Tropics, while most evalua-
tions have been concentrated in Europe (Germany, France,
Spain, Italy, Cyprus), some countries in Asia (China, India,
Saudi Arabia, Japan) and Australia. These regions cover a
variety of climates, from temperate (Europe) to more extreme
and hotter climates (Mediterranean in Cyprus and Israel, desert
in Saudi Arabia, tropical and monsoon in India, and subtropi-
cal zones in China). Different climatic conditions offer relevant
information on various degradation mechanisms, as evidenced
in the comparative study conducted in Cyprus, Germany, and
Israel47 that highlights the importance of multi-climatic test-
ing, as delamination of encapsulated devices occurred in
Cyprus and Israel within weeks, while in Germany it was not
detected after 2.5 years of exposure. This suggests that extreme
climatic conditions, such as high temperatures and intense
radiation, accelerate some degradation mechanisms, such as
encapsulant-induced delamination. Therefore, to understand

the stability of PSCs, the results indicate the need to conduct
evaluations under real-world operating conditions in more
locations around the world, particularly in tropical environ-
ments. Collecting data under different environmental condi-
tions can help identify specific degradation patterns enabling
the development of more robust encapsulation strategies and
materials, a key approach for the successful commercialization
of this technology. This reinforces the need to promote
research in understudied locations to better understand the
stability of PSCs under the full range of possible environmental
conditions.

The intrinsic instability of perovskite devices has been
identified as an issue since the early stages of research in the
field.48–57 Correspondingly, it has been tackled by numerous
investigations for over 10 years now, and excellent reviews on
the topic can be found in the literature.58–62 Most of them
correspond to strategies evaluated on controlled laboratory
conditions, which have significantly contributed to making
perovskite materials more stable. For bringing PSCs closer to
commercialization, it is required to continue research studies
on long-term evaluation under real-world operating conditions
as it provides data from a complex environment that is difficult
to replicate under laboratory conditions. On the other hand, the
interaction of each cell component, according to the nature of
the materials and their interfaces, also needs to be studied.
Consequently, this work provides a comprehensive overview of
the stability of PSCs under real-world operating conditions. We
discuss the primary factors contributing to device degradation,
including exposure to variable environmental stressors such as
moisture, light, and heat. Furthermore, we collect recent
advancements in fabrication strategies aimed at enhancing
the intrinsic and extrinsic stability of PSCs. We highlight
methods such as bulk compositional engineering, interface
engineering, and optimized electrode architecture that can be

Fig. 1 Overview of outdoor stability evaluations for perovskite solar cells. (a) Evolution of the total outdoor evaluation time per device as a function of its
size and the publication year. (b) Geographical distribution of reported studies on the stability of PSCs under outdoor conditions. Each country is shaded
according to the number of reported evaluations. Country abbreviations: USA (United States), COL (Colombia), ESP (Spain), ITA (Italy), KSA (Saudi Arabia),
IND (India), CHN (China), JPN (Japan), KOR (South Korea), AUS (Australia), NOR (Norway), POL (Poland), UKR (Ukraine), UK (United Kingdom), GRC
(Greece), FRA (France), SVN (Slovenia), BEL (Belgium), ISR (Israel), QAT (Qatar), DEU (Germany), CYP (Cyprus).
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implemented during device fabrication. Other strategies
include the application of functional barrier layers, climate-
adapted encapsulation techniques, and robust interconnect
designs. Additionally, we summarized different parameters
and protocols to be considered when performing outdoor
evaluations. By compiling this information, this review aims
to guide future research toward the development of durable
and efficient PSCs suitable for widespread deployment.

2. Factors that trigger device
degradation under real-world
operation

The issue of PSC stability is a complex matter that depends on
numerous variables that are typically categorized as intrinsic or
extrinsic. The following section will examine the extrinsic
degradation factors that impact the stability of PSC devices
during outdoor testing. The fluctuating environmental condi-
tions to which devices are exposed during the ageing process
when subjected to outdoor conditions are considered here as
extrinsic stressors. The intrinsic characteristics and thermody-
namic stability of perovskite materials must be briefly dis-
cussed before examining how external stressors affect PSCs.
The ABX3 structure consists of a monovalent cation (usually
cesium (Cs), methylammonium (MA), formamidinium (FA) or
mixtures), a divalent metal (usually Pb or Sn), and pure or
mixed halides (I, Br, Cl).40 This family of materials has been
considered ‘‘soft crystalline materials’’ due to their low for-
mation energy and stability dictated by a delicate thermody-
namic equilibrium.63

Even under dry, solvent-free conditions, methylammonium
lead iodide (MAPbI3) and other organic–inorganic hybrid per-
ovskites exhibit thermodynamically favorable synthesis and
rapid crystallization.64 This spontaneous formation is because
MAPbI3 has a lower Gibbs free energy than the precursor
materials because it is more stable under synthesis conditions
than its constituents (methylammonium iodide (MAI) and lead
iodide (PbI2)).65 Though, this favorable formation energy
should not be mistaken for long-term thermodynamic stability.
After formation, MAPbI3 is in the Gibbs free energy landscape
in a shallow local minimum.66 Despite being more thermo-
dynamically stable than the precursors, this state is not always
the global thermodynamic minimum. Under certain degrada-
tion conditions, MAPbI3 can decompose into PbI2, water,
methyl amine (CH3NH2), and molecular iodine (I2), which
exhibits the lowest total Gibbs free energy.67 The volatility of
CH3NH2 and I2 makes the process irreversible in the presence
of open or semi-open conditions because it facilitates their
removal from the system and shifts the equilibrium in favor of
decomposition. Thus, the degradation processes affecting
MAPbI3, should be understood in the context of its thermo-
dynamically favored formation and inherent metastability, as
discussed above. As a result, the concept of intrinsic instability
addresses fundamental instability of the perovskite itself with-
out the influence or contributions of the external environment.

Examples of these include ion migration, vacancy diffusion,
and defect assisted non-radiative recombination.68,69 These
processes occur mostly due to physical, chemical, and thermo-
dynamic reasons inherent to the properties of perovskites, such
as soft ionic lattice, dynamically evolving structure, and low
defect formation energy.70–72 It has been shown that these
events shorten device lifespans and performance due to
internal reorganization, phase segregation, and structural
instability.73 Environmental isolation alone cannot stop intrin-
sic degradation since it is governed by the material’s basic
thermodynamic and kinetic landscape, in contrast to extrinsic
degradation.74 Otherwise, environmental stressors lead to
chemical reactions of the perovskite phase that can accelerate
degradation. The conversion of iodide (I�) into molecular
iodine (I2) upon exposure of the perovskite to light and oxygen,
which results in the collapse of the active phase structure, is an
example of these processes.75–77

Since PSCs frequently function at high temperatures in real-
world settings, thermal instability is the main extrinsic degra-
dation factor for most compositions, especially MAPbI3. Out-
doors, device temperatures can average between 70 1C and
75 1C during the summer in warm climates or under high
irradiance. These are already considerably high values for
MAPbI3-based perovskites. This material degrades slowly at
operating temperatures between 65 and 85 1C and decomposes
rapidly at the temperatures normally used to encapsulate solar
cells (135–150 1C).50,78,79 These results suggest that MAPbI3 is
not suitable for long-term outdoor stability. In such demanding
applications, stabilization by device-level mitigation techniques
or compositional engineering strategies may be necessary.

For instance, formamidinium lead iodide (FAPbI3), which is
more thermally stable and does not permanently disintegrate
below 95 1C, is formed when methylammonium is substituted
with formamidinium.80,81 Thermodynamically, the black a-
phase of FAPbI3 requires 150 1C to form.82 However, despite
its good optoelectronic properties at room temperature, over
time it spontaneously transforms (due to its high formation
temperature) into the yellow d-phase.82 This phase transition is
driven solely by enthalpy and can occur without environmental
stress. To preserve the photoactive phase, FAPbI3 must be both
kinetically trapped and thermodynamically stabilized. Effective
strategies include A-site alloying with MA+ or Cs+,83 halide
mixing, and dimensional or interfacial confinement.84,85

Reports from specific studies indicate that FAPbI3 can undergo
reversible gaseous degradation at moderate temperatures,
remaining reversible up to about 100 1C; above this tempera-
ture, some studies have observed polymerization of the organic
cation, which may lead to the formation of carbon nitride
species.86–88 Consequently, FAPbI3 exhibits potential for prac-
tical use as a stable PSC material in the range of �40 to 75 1C,
suitable for PSC operating outdoors. Other compositions such
as cesium lead iodide (CsPbI3), a wholly inorganic perovskite,
have shown promising stability but less PCE. In general, one of
the most promising methods for enhancing the intrinsic ther-
modynamic stability of perovskite absorbers is compositional
engineering at either the A or X site.89,90 Apart from
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compositional approaches, other strategies have been sug-
gested and evaluated, such as the use of stable support materi-
als, additive engineering, and the introduction of barrier layers
at interfaces that block moisture and protect perovskite.91–94

Most of these strategies have been indoor tested, which does
not accurately represent the overall degradation behavior of the
devices.40 In the real environment, there are several simulta-
neous factors such as temperature, humidity, light, and oxygen
that place considerable demands on the integrity of the PSCs.
These factors may operate jointly or independently. In the
following, we examine the effects of these factors on stability
and strategies that can be employed to mitigate them. First, we
discuss the effect on PSCs stability of each environmental
stressor separately to understand each correspondent degrada-
tion pathway. Then, we discuss the synergic effect on device
stability of combined environmental stressors, focusing on the
combination of the most critical for PSCs stability. Note that
outdoor operating PSCs are simultaneously submitted to a
combination of environmental stressors depending on the
quality of device encapsulation. Moreover, according to our
literature survey on stability testing some environmental fac-
tors contribute more than others to the irreversible degradation
of PSCs. Below we will discuss environmental factors in order of
importance.

2.1. Temperature

PSCs are submitted to thermal stress in different stages of their
fabrication and operation. First, an annealing step is required
to form the perovskite film and other transport layers, then
typical encapsulation process requires temperatures higher
than 140 1C.95 During outdoor operation, the high tempera-
tures can activate degradation processes on the active absorber
or transport layers.96 Unlike other environmental stressors
such as humidity or oxygen, thermal degradation cannot be
avoided with high quality encapsulation. Thus, it is important
to understand the timescale of stability of PSCs under periods
of thermal stress experimented during their fabrication and
operation. It is of particular importance to understand device
degradation upon exposure to seasonal and diurnal tempera-
ture cycles. Recently, Abate et al. reviewed effective strategies
for improving PSCs stability under temperature cycling, a key
subject for the development of PSCs with exceptional real-world
outdoor operating stability.97 Since most of the strategies rely
on modifications to the perovskite absorber layer and control-
ling the interaction and/or reactions among the stacked layers,
we briefly discuss what are the main effects of thermal stress on
these layers. One of the main concerns regarding the perovskite
absorber is the phase stability which is the ability to maintain
the desired photoactive structure under thermal stress without
transforming into a non-photoactive phase or segregating into
several phases. Given the size of Cs and FA cations they tend to
form non-photoactive yellow delta phase CsPbI3 and FAPbI3

perovskites at room temperature.90 Thus, quenching a meta-
stable black perovskite phase at room temperature is the major
challenge for using CsPbI3 and FAPbI3 as absorber layers
despite they are more stable than MAPbI3 to decomposition

reactions at outdoor operational temperatures as discussed
above. Hence, for the successful implementation of composi-
tional tuning, it is necessary to consider the phase stability of
the perovskite compound according to the degree of A-site o
X-site alloying. The temperature range of phase stability for
several perovskite compounds have been summarized
elsewhere.59 In consequence, studies examining long-term
structural stability against phase segregation or phase transi-
tion across operational temperatures must be developed to find
highly stable perovskite absorbers under real world operating
conditions. Another critical point to reach higher thermally
stable PSCs is to understand degradation reactions triggered by
interactions among the stacked layers. Some common organic
hole transport materials such as PEDOT98 or Spiro-OMeTAD99

are known to have thermal stability problems. Thus, inorganic
charge transport layers, mainly metal oxides have been chosen
because of their higher thermal stability. However, although
some oxides are thermally stable in isolation, they can react
with the perovskite or other layers. Therefore, the effect of
metal oxide layers on the thermal stability of the device must be
carefully analyzed. Some oxide layers such as SnO2

100 or NiOx
101

have been reported as highly stable and efficient charge trans-
port layers for PSCs. Another degradation pathway of PSCs
caused by thermal stress is the diffusion of mobile halide ions
of the perovskite layer into the contact layers.102 This could be a
major issue for long-term stability of PSCs under outdoor
operation conditions that can reach temperatures as high as
75 1C. Moreover, devices operate under electric bias and light,
both factors that accelerate ion migration and could affect
hysteresis of PSCs.103 On the other hand, ion migration could
lead to reactions between halides and metal contacts accelerat-
ing degradation of the full device.104 Therefore, it is necessary
to use stable contact layers or barrier layers on top of the
perovskite to suppress the reaction of halides with metal
electrodes. Another strategy to avoid metal induced degrada-
tion is the substitution of metal by carbon electrodes. A big data
driven PSCs stability analysis has shown higher device stability
for PSCs with carbon electrodes.105 In summary, there are
several degradation pathways for PSCs under thermal stress
which must be controlled to achieve long-term device stability
in outdoor operation conditions. Since this stressor cannot be
avoided through high quality encapsulation, it is necessary to
increase intrinsic stability of the full device stack by implement-
ing strategies that improve the stability of the perovskite
absorber itself and its reactions with the stacked layers. These
strategies will be examined in Section 3. Their effective design
depends on better understanding of temperature effect on PSCs
through in situ studies employing advance characterization
techniques under thermal stress. Recently, Ruellou et al.106

studied structural changes of the FAPbI3 perovskite by in situ
X-ray diffraction (XRD) under controlled temperature. They
found that pure a-FAPbI3 perovskite is stable in air up to
145 1C, confirming its high intrinsic stability. The thermal
degradation of a-FAPbI3 perovskite was monitored by the
decrease in the normalized intensity of the (100) diffraction
peak which started at 145 1C. This degradation correlates with
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the formation of PbI2 which started to form at 150 1C as
evidenced by the increase in the normalized intensity of the
PbI2 (100) diffraction peak. This result supports a direct degra-
dation pathway of a-FAPbI3 to PbI2. In contrast to the dark
conditions, the formation temperature of PbI2 is reduced to
130 1C and does not correlate with the decomposition tempera-
ture of perovskite (110 1C) for the same experiment carried out
under illumination. This suggests a different degradation path-
way which involves the formation of an amorphous or poorly
ordered phase not detectable by XRD. This finding is relevant
for PSCs in real operation conditions because heat is always
combined with light. In this scenario thermally activated
photodecomposition pathways can emerge yielding a-FAPbI3

perovskite less stable than expected. Moreover, compositional
tuning of the FAPbI3 perovskite can also decrease the thermal
stability. For instance, the introduction of methyl ammonium
bromide (MABr) in the precursor solution can decrease the
onset temperature of perovskite decomposition up to 50 1C
compared to pure a-FAPbI3.106 Thus, the compositional tuning
usually used for the stabilization of the photoactive a-FAPbI3

polymorph can substantially decrease the thermal stability of
the perovskite absorber. This finding demonstrates that in situ
characterization studies must be conducted for each specific
formulation of the perovskite precursor rather than the com-
mon assumption about the high thermal stability of the
a-FAPbI3 perovskite. Furthermore, the charge extraction layers
can change the degradation dynamics of the a-FAPbI3 perovs-
kite as demonstrated for titanium dioxide (TiO2) and spiro-
OMeTAD interacting with the FAPbI3 perovskite under controlled
temperature.106 This highlights the necessity of evaluating in
real operation conditions the stability of the whole PSCs stack,
rather than focusing solely on the perovskite absorber layer.

2.2. Light

During outdoor operation, PSCs are exposed to changes in
sunlight’s radiation intensity and spectral distribution caused
by weather variability and geographical location. Ultraviolet
(UV) and blue wavelengths of sunlight are of main concern
because of their impact on PSCs stability.107 Unlike atmo-
spheric stressors such as oxygen or humidity, light-induced
degradation cannot be prevented by encapsulation; therefore,
the semiconductor must be intrinsically stable or externally
protected by optical filters against light exposure. Some reviews
have discussed photoinduced phenomena in perovskite mate-
rials such as ion migration, halide segregation, and phase
segregation in bromine rich (420% Br/I ratio) mixed halide
perovskites.108,109 These photo-induced changes are not neces-
sarily detrimental to the performance of solar cells. Sometimes
these processes in perovskite materials can be reversible or
even increase solar cell PCE as observed for PSCs exposed to 1
sun illumination for more than 1500 hours.110 Indeed, big data
analysis reports stable PSCs in timeframes higher than 10 000
hours under simulated sunlight illumination.105 Our literature
revision (Fig. 1a) shows recent reports of outdoor operation of
up to 35 000 hours demonstrating outstanding stability of PSCs
to prolonged cycles of illumination under variable weather

conditions. These highly stable PSCs have been achieved by
applying strategies such as implementing stable contact layers
on the stacked device, structural modification of the perovskite
absorber layer, and choosing encapsulants that filter UV
light,109 as will be discussed in Section 3. The high stability
achieved up to date implies successful hindering of irreversible
photodegradation processes by applying some of the men-
tioned strategies. Among the irreversible photo-induced degra-
dation processes are the oxidation of iodide ions in the lattice
by photogenerated holes, increasing halide vacancy concen-
tration and forming neutral iodine interstitials. Eventually this
process could lead to the reduction of Pb2+ to Pb0 which
is an irreversible decomposition pathway of the perovskite
absorber.35,111 New insights into light induced degradations
mechanism have been achieved by in situ photoluminescence
(PL) studies of PSCs under blue LED illumination.112 PL ima-
ging was recorded along with periodic I–V curves and transient
photovoltage measurements. The PL maps revealed increased
spatial non-uniformity of PL intensity as device degradation
takes place. This is evidenced by the emergence of low intensity
PL regions associated with localized failure sites. In this way,
the diminution in macroscopic performance of the device was
correlated with the observed spatial heterogeneous degradation
implying that degradation takes place faster in certain areas
such as defect clusters or grain boundaries. These results
highlight the importance of spatial and in situ characterization
techniques for gaining insights into light induced degradation
mechanisms.112 Following this approach, Frohna et al. devel-
oped a multimodal operando microscopy toolkit to spatially
assess charge transport, recombination losses and composi-
tional changes of operating PSC devices.113 Devices under one
sun illumination (at variable bias) were characterized by Hyper-
spectral operando luminescence microscopy and Nanoprobe
synchrotron X-ray fluorescence to measure the spatial variation
of charge transport losses, chemical composition and recombi-
nation losses of PSC devices before and after extended opera-
tion. Results demonstrate that devices with the highest
macroscopic performance show the lowest initial PCE spatial
heterogeneity. Hence, authors demonstrate the crucial role of
interface and compositional engineering to homogenize charge
extraction in the device which. Although previous studies have
demonstrated that hybrid lead-halide perovskites can tolerate
spatial disorder in chemistry,114 the most recent research
demonstrates that PSC devices cannot tolerate spatial hetero-
geneity in charge extraction originating from interfacial defects
or local composition heterogeneity.113 Another recent study
decouples the light induced degradation from thermal decom-
position processes.115 This is achieved by characterizing a
mixed cation (FA0.73MA0.27)Pb(I0.945Br0.055)3 perovskite by
means of in situ electron paramagnetic resonance (EPR)
spectroscopy, a technique highly sensitive to the formation of
free carriers. It was demonstrated that photogenerated charge
carriers trigger a decomposition pathway that is mediated by
radicals localized in the carbon of formamidinium leading to a
higher degradation rate compared to that in darkness. In
contrast, temperature induced decomposition leads to
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methylammonium and iodide release without involving radi-
cals as demonstrated by the combination of in situ EPR with
in situ XRD, as well as thermogravimetric and calorimetric
analysis. This demonstrates that illumination produces reactive
species such as radicals which react with the organic cation
increasing degradation rate compared to that of PSC submitted
to thermal stress alone.115

2.3. Moisture

Metal halide perovskites suffer several degradation reactions
with water which form monohydrated or di-hydrated perovs-
kites when water molecules penetrate the perovskite structure
as summarized in some review articles.116,117 These reactions
induce reversible and irreversible degradation pathways of
perovskite films. The irreversible decomposition processes led
to the formation of PbI2 which implies the failure of the PSCs
device. Indeed, several studies reported degradation of unen-
capsulated PSCs after a few hundred hours of exposure to air
with relative humidity higher than 50%.118,119 The intrinsic
instability of perovskite materials under moisture points out
the necessity of developing strategies to prevent degradation by
contact with water. Some approaches such as compositional
tuning of the perovskite absorber, and modification of the PSC
stack by introducing surface treatments, passivation, and
hydrophobic layers have been reviewed elsewhere.59 These
strategies focus on increasing the intrinsic resistance of the
solar cell stack to moisture-induced degradation. In Section 3,
we will review some of these strategies that have been outdoor
tested. The degree of success of these strategies determines the
requirements for the maximum water vapor transmission rate
achieved by encapsulation. This is relevant for flexible PSCs
because their encapsulants have not reached the same barrier
quality as their rigid counterparts.95,120,121 Hence, increasing
the intrinsic stability of perovskite to moisture induced degra-
dation will allow the simplification of encapsulation processes
and architectures which are expensive and complex, as it has
been reviewed elsewhere.95 On the other hand, rigid glass
encapsulated PSCs have demonstrated encapsulations that
prevent moisture degradation on timescales up to one year.84

Although moisture is considered up to date detrimental for PSC
performance, a recent study demonstrates new insights into the
self-healing or self-passivation induced by humid air on methy-
lammonium (MA) free compositions.122 Since formamidinium
(FA) rich compositions have been used recently in the highest
performance devices,80 a deeper understanding of the role of
oxygen and water in the reactions of FA based perovskites is
required. For instance, in a FA0.7Cs0.3 mixed Br/I wide bandgap
perovskite in the presence of humid air and ambient illumina-
tion, the formation of a surface layer that contains O, OH and
N-based anions was demonstrated. These anions promote the
formation of cyanide and/or formamidinate that bind to Pb.
The role of these ligands on defect passivation was demon-
strated by enhanced photoluminescence quantum yield as well
as improved performance of PSCs attributed to both reduced
surface recombination and increased bulk carrier lifetime.122

Based on these conclusions, we suggest the necessity of deeper

studies into the FA related surface chemistry for a broad set of
perovskite compositions because they can lead to highly stable
perovskite films as well as to elucidate the role of environmen-
tal factors, such as moisture or oxygen, in the surface reactions
of perovskites. As discussed, these environmental factors do
not always act as ‘‘stressors’’; in fact, under certain conditions
they may contribute to the stability of perovskites. In a recent
study, Kelly et al. correlated the changes in the perovskite
lattice with device performance by combining operando
grazing-incidence wide-angle X-ray scattering (GIWAXS) with
periodical measurements of I–V curves.123 The data demon-
strated the high defect tolerance of PSCs. Despite the formation
of hydrated perovskite phases, they did not correlate with
changes in PSCs performance. This highlights the importance
of better understanding of the role of humidity in device
stability. Most of the scientific literature have stablished that
water led to perovskite degradation based on studies of MAPbI3

aging under humid conditions. However, a detailed compara-
tive study of triple cation and MAPbI3 aging under humid
conditions by means of operando GIWAXS demonstrates the
central role of perovskite composition on humidity resistance.
This contrasting behavior was attributed to reduced ion migra-
tion in triple cation perovskite compared to MAPbI3 which
showed higher rate of iodide migration caused by exposure to
moisture.123 Thus, we suggest studying the effect of humidity
on PSC stability for each composition of the perovskite absor-
ber, preferably combining periodic PSC performance measure-
ments with operando material characterization techniques. A
prominent example is the study by Mejaouri et al. which
investigates the chemical and structural evolution of the hybrid
perovskite film Cs0.05(MA0.15FA0.85)0.95Pb(I0.84 Br0.16)3 (CsMAFA)
after aging under humidity-controlled conditions.124 By analyz-
ing perovskite films at different scales through photolumines-
cence, X-ray diffraction spectroscopy, cathodoluminescence,
selected area diffraction, and energy dispersive X-ray spectro-
scopy, it was identified several degradation products and their
optical and chemical properties at the microscopic level. Upon
degradation induced by water different phases such as lead
iodide (PbI2), inorganic mixed halide CsPb(I0.9Br0.1)3 and lead-
rich CsPb2(I0.74Br0.26)5 were identified.124 This demonstrates
that humidity induces complex phase-segregation and crystal-
lization processes. Elucidation of degradation mechanisms that
describe the formation sequence of these byproducts is crucial
for designing stable perovskite compositions or barrier layers to
suppress such reaction pathways.

2.4. Oxygen

As PSCs are exposed to air under outdoor conditions, it is
necessary to understand the stability of the materials compris-
ing the solar cell stack under oxygen exposure. It is of particular
importance to understand the interaction of the charge trans-
port and active absorber layers with oxygen because they can
induce degradation. Although metal halide perovskites have
demonstrated to be stable to oxygen in dark and dry conditions,
they easily decompose in the presence of both oxygen and
light.75,125 Photodecomposition reactions are initiated by the
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diffusion and adsorption of oxygen at iodide vacancies, occur-
ring both at the surface and within the bulk of the perovskite
crystallites.67 Thus, it is critical to control the density of iodide
vacancies in perovskite films to avoid oxygen-induced
degradation.67 On the other hand, less acidic A-site cations
such as cesium or formamidinium could be more stable to
photooxidation because the degradation mechanism involves
acid–base reaction between the A-site cation and superoxide.
Another concern for PSCs stability is the possible degradation
caused by the contact between charge transport layers and
oxygen. Typically, these layers are made of small organic
molecules, polymers or inorganic materials, mainly oxides.
Most organic materials are particularly susceptible to oxidation
as has been demonstrated when they are employed in organic
photovoltaics.126 Some reviews give detailed information about
the interaction of organic semiconductors and oxygen.126–128

Inorganic charge transport layers, mainly based on oxides such
as titanium dioxide (TiO2), tin oxide (SnO2), and nickel oxide
(NiOx) have been used as alternatives to organic materials.
However, some metal oxides interact with light and oxygen to
form superoxide which can decompose materials in contact
with it. For instance, TiO2 promotes photooxidation reactions
of organic molecules.129 Some studies have demonstrated that
PSCs that use TiO2 as an electron transport layer show instabil-
ity due to photocatalytic reactions. Thus, strategies such as
TiO2/perovskite interface modification or replacing TiO2 by
SnO2 must be implemented to increase PSCs stability.130,131

As mentioned in the case of moisture, it is necessary to
continue developing strategies for increasing the intrinsic
stability of PSCs to oxygen as well as to improve encapsulants
to avoid oxygen ingress to devices during outdoor testing.

2.5. Challenges for controlling degradation factors in outdoor
exposed PSCs

For controlling perovskite materials and solar cells exposed to
outdoor conditions, the mentioned degradation factors need to
be completely understood, which is quite complicated, due to
the large variability they have depending on diurnal and
seasonal variations. Laboratory-controlled exposure to these
stressors has been shown to induce significant degradation in
devices, and some studies suggest a correlation with outdoor
performance.132,133 However, they differ from real-world condi-
tions which can be both harsher and more irregular, namely
due to unexpected variations of the spectrum depending on the
location (i.e. tropical zone) which modifies the operating point
and thus causes varying stress conditions134 as well as natural
cycling of the devices between day and night.

Particularly, the range of values of environmental variables
such as temperature, humidity, irradiance, and ultraviolet
radiation are highly dependent on the geographical location
where the PSCs are tested. This points out the necessity to
collect a large set of data on outdoor testing of PSCs in a wide
range of geographical locations. As analyzed in section one,
most of the research articles report outdoor testing of PSCs in
countries located in the temperate zone (351–66.51 latitude).
These studies offer a set of data of PCE, and lifetime of PSCs

evaluated in a particular climate zone characterized by four
distinct seasons (spring, summer, autumn, and winter), mod-
erate temperature and irradiation variations during diurnal
cycles, and particular types of precipitation.

However, a comprehensive understanding of outdoor per-
formance and stability of PSCs requires collecting data of PSCs
outdoor operating under well differentiated climatic zones
which are classified based on geographical latitude. As sche-
matically illustrated in Fig. 2 the main environmental factors
that trigger PSCs degradation are the temperature variations,
the solar irradiance, the humidity levels, the UV index, and the
precipitations. All these factors are highly dependent on geo-
graphical latitude. Three main climatic zones classified accord-
ing to the geographical latitude are denoted as tropical (01–351
latitude), temperate (351–66.51 latitude), and polar (66.51–901
latitude). For each geographical zone the minimum, maximum,
and range of variation of some climatic parameters differ
significantly. For instance, the tropical zone is characterized
by high temperatures throughout the year (25–37.75 1C) with
little seasonal variations while in the temperate zone the
temperature presents higher seasonal variations and lower
range values (0–25 1C). These temperature differences between
geographical zones significantly affect the commonly used
lifetime indicators of PSCs such as T80 or T50. A recent report
of PSCs outdoor testing in the temperate zone found that the
day/light time maximum temperatures have a more significant
effect on the long-term degradation than the minimum tem-
peratures during the dark/night cycles.37 Therefore, a higher
long-term degradation could be expected for PSCs outdoor
tested in the tropical zone compared to devices evaluated in
temperate or polar zones where the maximum diurnal tem-
peratures are lower. Moreover, the annual average range of
values for environmental stressors such as irradiance, moist-
ure, and UV index are higher in the tropical zone as shown in
Fig. 2. These stressors affect PSCs stability as already discussed
above; therefore, higher degradation rates and more demand-
ing conditions on encapsulation materials could be expected
for outdoor evaluation in tropical zones. In this literature
revision we only found 21 research articles reporting the life-
time of outdoor PSCs tested in 7 countries located in the
tropical zone, with only 3 reports near to the equator line and
none in the polar zone (Table S2). Since the lifetime indicators
of PSCs (T80, T50, etc.) are climate-dependent, there is a need in
the field of PSCs to collect more data of outdoor performance
and stability of devices evaluated in countries located out of the
temperate zone. This could allow the scientific community to
develop models and testing protocols for predicting the long-
term performance of PSCs operating in any climatic zone, while
evaluating the strategies for device stability under these realis-
tic conditions, as discussed in Section 3, is of paramount
importance for further insertion of perovskite photovoltaics
in the market.

In the next two Sections (2.6 and 2.7), the variables with the
strongest influence on PCE reduction during outdoor and
indoor accelerated tests will be discussed, focusing on their
coupled or synergistic effects. In particular, the variables that

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/8

/2
02

6 
7:

25
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01085c


Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2026

can be mitigated through mechanical or physical barrier mate-
rials, such as moisture, oxygen, and precipitations, will not be
considered in the context of this synergistic degradation. How-
ever, variables that cannot be eliminated, such as temperature,
light, and bias, will be studied in pairs; temperature with light/
UV, and temperature with electrical bias. These combinations
have shown the greatest influence on the degradation of
encapsulated PSCs.

2.6. Temperature and light/UV: coupled factors effects

To investigate the impact of external factors on the stability of
perovskite devices, each component must be evaluated sepa-
rately. However, light and temperature are difficult to isolate
because they are intrinsically related, as each absorbed photon
generates either charge carriers or heat, leading to photother-
mal heating and subsequent degradation. Kamppinen et al.
address this challenge with a fully coupled opto-electro-thermal
model that quantifies parasitic absorption, recombination and
Joule heating separately before feeding these heat sources into
a steady-state heat equation to predict device temperatures
under defined illumination and ambient conditions.135 Under
one sun (1000 W m�2), 20 1C ambient temperature and

about 1 m s�1 wind, large-bandgap (2.2 eV) devices stabilize
at around 30 1C, whereas small-gap (1.2 eV) devices reach
approximately 44 1C. These values correspond to the equili-
brium temperatures reached under the stated ambient and
wind conditions. This temperature rise deviates power produc-
tion predictions by 1–6%, highlighting that thermalization
losses, while accurately quantified, cannot be eliminated
merely by optical design. Their specific parameters guide
absorber and device engineering strategies to minimize photo-
thermal heating and improve MPPT power predictions across
perovskite compositions. Complementing this work, Cui
et al.136 categorize photothermal conversion into plasmonic
localized heating, nonradiative semiconductor relaxation, and
molecular vibrational heating, offering mathematical models
and experimental protocols such as transfer-matrix, Beer–Lam-
bert analyses, and temperature-decay calorimetry to isolate the
thermalization term from pure optical effects. Integrating these
methods with Kamppinen et al.’s model enables empirical
validation of simulated heating pathways, closing the loop
between theory and experiment.

Since UV exposure can be largely suppressed and illumina-
tion primarily induces photothermal heating, temperature

Fig. 2 Environmental stressors affecting perovskite solar cell stability during outdoor operation. Center: world map highlighting three main climate
zones classified according to geographical latitude. Tropical (01–351 latitude), temperate (351–66.51 latitude), and polar (66.51–901 latitude) zones are
colored in purple, light green, and light blue, respectively. Around the world map, the main environmental parameters that trigger PSCs degradation are
depicted. The range of variations of the average annual value (year 2023145) of each parameter depending on the geographical location is shown for each
climate zone. Environmental parameters are shown from greatest to least importance in clockwise direction. (1) Panel temperature variation in tropical
zone (Colombia, data by the authors), below this graph, the ranges of earth skin temperature (annual average for year 2023145) are shown in each main
climate zone. (2) Simulation of the steady-state panel temperature depending on solar irradiance and ambient temperature, below this graph are shown
the ranges of solar irradiance for each climate zone (annual average for year 2023145), (adapted from ref. 146, CC BY 4.0, 2018). (3) Range of specific
humidity for each climate zone (annual average for year 2023145) showing also the seasonal variations within each one (from left to right). (4) Ranges of
global solar ultraviolet (UV) index according to the climate zone (annual average for year 2023145). (5) Scheme of precipitate types for each climate zone.
The icons represent snow, sleet, and hail for the polar zone; rain, snow, sleet, and hail for the temperate zone; and rain, drizzle, downpour, and hail for the
tropical zone.
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emerges as the dominant stressor under outdoor MPPT
conditions for most of the encapsulated device architectures
and climates studied. In both n–i–p and inverted p–i–n archi-
tectures, the front-end layers inherently block the majority
of UV radiation. For example, in n–i–p configurations, ITO
and compact TiO2 layers, commonly used as transparent con-
ductive electrode and ETL respectively, effectively filter out
high-energy UV photons, enhancing device stability under
illumination.137–139 Likewise, in inverted p–i–n PSCs, PED-
OT:PSS layers exhibit notable optical absorption in the UV
range (approximately 300–400 nm), while remaining transpar-
ent in the visible spectrum, which enables them to serve as
effective UV attenuation front layers.140–142 In devices lacking
these layers or using different encapsulations, UV degradation
may be significantly more pronounced. However, in most
outdoor-tested PSC devices, UV-induced degradation plays a
minor role compared to thermally driven failure modes.

Building on these findings, Islam et al. conducted comple-
mentary stability tests on fully encapsulated semi-transparent
MAPbI3 cells: dark annealing at 85 1C for 1000 h to isolate pure
thermal aging and continuous one-sun MPPT at a fixed B30 1C
for nearly 4000 h to capture light-induced photothermal
heating under controlled temperature.143 By comparing perfor-
mance loss, they conclusively show that under their experi-
mental setup thermal stress alone drives most of the stability
decay. This conclusion is further supported by later research
by Lee et al.107 and Muhammad et al.,33 which discovered
that light/UV exposure results in mostly reversible photocataly-
tic damage with minimal irreversible loss. Taken together,
these results indicate that temperature exposure (especially
when amplified by light-induced photothermal heating)144 is
a major driver of long-term performance decline under the
studied outdoor-like conditions, though other stressors may
dominate in different environments without a proper
encapsulation.

2.7. Temperature and electrical bias: coupled factors effects

In real operating conditions, PSCs are continuously exposed to
high temperatures due to ambient heat and self-heating
induced by sunlight (as discussed in Section 2.6), as well as
electrical bias. Typically, this is forward bias during power
generation, but occasionally it is a reverse bias caused by
shading or mismatch conditions.147 The combined effect of
these two stress factors, temperature and electrical bias, accel-
erates degradation to a greater extent than either factor
alone.148

In accelerated indoor testing, researchers have observed that
degradation occurs under combined thermal and electrical
stress, even when PSCs are encapsulated to exclude oxygen and
moisture.149 Some studies have reported that PSCs exposed to
high temperature and bias have a rapid initial decrease in
power conversion efficiency (PCE), attributed mainly to the
formation of additional recombination centers, interface
charge accumulation and ion migration (e.g. halide or cation
redistribution) within the electric field during the initial hours
of operation.150 However, this performance loss is often

partially reversible when the device is left in the dark for a
comparable period.149,151 In contrast, slower degradation over
longer periods is driven by irreversible processes such as the
decomposition of the active layer and the chemical degradation
of the films and interfaces.

Erdil et al.152 simulated field-like stress using bias/rest
cycling. They demonstrated that, over the course of months,
cumulative ion migration and interfacial recombination cause
a persistent VOC loss, despite partial recovery occurring over-
night. The authors emphasized a seasonal analogy; winter
conditions are like rest phases (lower temperature and irradi-
ance), while summer conditions are similar to bias phases
(higher temperature and irradiance). Remec et al. provided
additional validation of this phenomenon,46 using extended
outdoor datasets to confirm the trends previously reported by
Erdil et al. over shorter timescales. According to their results,
high irradiance and prolonged MPPT bias at elevated tempera-
tures could contribute to substantial degradation in the sum-
mertime driven by increased ionic redistribution and defect
formation.

Rapid ionic migration and interfacial degradation are hall-
marks of bias-induced degradation (PID) in perovskite solar
cells, especially when exposed to high bias and high tempera-
tures. Studies such as that of Nakka et al.153 reported a 59%
PCE loss after 55 h at�1000 V and 25 1C, escalating to over 90%
PCE loss under the same bias at 60 1C and 60% RH. Although
real-world PSC voltage is much lower, continuous forward bias
at MPP (about 1 V) combined with elevated temperatures (B60–
75 1C from photothermal self-heating) could trigger analogous,
but slower degradation pathways.46,154,155

In particular, the electric field facilitates the migration of
ions, notably I�, MA+ and FA+, which accumulate at interfaces.
This distorts the local band alignment and promotes non-
radiative recombination driven by ionic redistribution, lattice
distortion and field-screening effects.156–158 Electrical bias and
elevated temperatures simultaneously accelerate the irreversi-
ble decomposition of the perovskite absorber154,159 particularly
the volatilization of organic cations and trigger chemical reac-
tions at interfaces with charge transport layers. Ruellou et al.115

confirmed this by observing radical generation and Spiro-
OMeTAD de-doping under heat and illumination via in situ
EPR and XRD.

Interestingly, degradation driven by electrical bias in PSCs
doesn’t appear to progress in a gradual or linear manner.
Instead, it tends to exhibit a threshold-like response.160 For
this reason, the researchers suggest maintaining MPP bias
conditions for the PSCs during outdoor evaluation.39 Devices
disconnected from an electrical circuit and exposed to illumi-
nation are biased in Voc conditions, which has been demon-
strated to cause faster degradation than MPP.161 MPPT
operation better simulates field conditions and leads to more
representative aging behavior. Partial shading events introduce
degradation mechanisms like ion accumulation, hot spot for-
mation, and electrochemical damage.147,161,162 A shaded cell in
a PSC module, especially one with series-connected cells, may
be reverse-biased by its illuminated neighbors, causing a
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voltage stress that is significantly higher than the normal
forward-operation levels (approximately 1 V).163 Even modest
reverse voltages can induce hot-spot formation, permanent
shunting, electrode delamination and ion migration, particu-
larly at elevated temperatures.164,165 These effects are not
observed during typical MPP operation58 and are described as
a phenomenon known as reverse-bias pinning;166 whereby
shaded perovskite cells remain stuck in reverse even after the
shading event ends. This causes irreversible drops in current
output and efficiency.166 Module designs should include bypass
diodes, ideally one for every two or fewer cells, to lessen stress-
induced degradation. This ensures that shaded cells are not
exposed to detrimental stress under reverse bias.167

To compare the effects of the environmental stressors dis-
cussed in this section with varying intensities across different
climatic zones, a temporal evaluation of climatic variables and
their impact on device performance was conducted at different
time scales. The first case study was conducted in a temperate
climate at the HZB (Helmholtz-Zentrum Berlin, Germany),
where a one-year outdoor evaluation was carried out by Jinzhao
Li et al.168 This included both the photovoltaic performance
and stability of PSCs as illustrated in Fig. 3a. In contrast,
evaluations in a tropical climate, (University of Antioquia,
Medellin, Colombia) were also conducted (see Fig. S1). Here,
climatic variables were monitored over 18 months, with a
focused analysis of their effect on device performance over a
5-month period (Fig. 3b).

Fig. 3a(1) shows that the devices depicted in the inset
remained stable for most of the testing period (from October
to June). However, starting in June, both the performance ratio
and the power output at an irradiance of 500 W m�2 began to
decline, reaching the T80 threshold at nearly one year of
operation. By correlating the degradation rate with the climatic
variables presented in Fig. 3a(2), it becomes evident that during
the months of lower degradation rates, both irradiance and
device temperature were significantly lower compared to the
summer months highlighted in red (irradiance 41000 W m�2

and temperature 430 1C). This clearly demonstrates that
increased temperature and irradiance accelerate the degrada-
tion processes in perovskite solar cells, as discussed earlier.

When comparing this behavior to the tropical zone,
Fig. 3b(1) shows a much faster degradation. From the very
beginning of the evaluation, power output at both 500 W m�2

and 800 W m�2 declined at a faster rate than in the temperate
climate, reaching the T80 point in less than 5 months. Correlat-
ing this with the climatic variables in Fig. 3b(2), we observe that
throughout the 18-month evaluation, both irradiance and
device temperature consistently matched or exceeded the levels
seen during summer months in the temperate zone. Device
temperatures frequently surpassed 60 1C, with irradiance often
exceeding 1200 W m�2. As shown in Fig. 2, UV exposure is
higher for tropical than for temperate zones (depending on
device architecture and encapsulation). Irradiance levels in
temperate climates are nearly half those in tropical regions.

Fig. 3 Comparative analysis of perovskite solar cell performance and environmental conditions in temperate (Berlin, Germany) and tropical zones
(Medellı́n, Colombia in the set-up showed in the Fig. S2). (a)(1) Evolution of the performance ratio (blue points) and power output at 500 W m�2 irradiance
(gold points) over one year in the temperate zone, where a decline in performance is observed during the summer months (highlighted in red). The inset
shows the tested devices under outdoor conditions. (a)(2) Corresponding irradiance (blue line) and device temperature (green line) trends over the same
period, illustrating seasonal variations that influence device performance. (b)(1) Power output at irradiances of 500 W m�2 (gold points) and 800 W m�2

(blue points) over five months in the tropical zone, showing the stability of device performance under continuous high temperature and irradiance. The
inset depicts the photovoltaic installation under evaluation. (b)(2) Continuous monitoring of irradiance (blue line) and device temperature (green line) in
the tropical zone over eighteen months, highlighting consistently high temperatures and stable irradiance throughout the exposure time. Figures (a)(1)
and (a)(2) were adapted from ref. 168, CC BY 4.0, 2023. Figures (b)(1) and (b)(2) are data from the authors.
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This increases the risk of UV-induced degradation. These high
UV levels affect not only UV-sensitive layers, such as the
inorganic oxides169 and perovskite materials (where it can
accelerate ion migration170), but also the encapsulation materi-
als used in outdoor testing.171 Therefore, robust encapsulation
materials are required to improve stability and standardize
stable device structures for those climate zones.

Finally, we want to emphasize that tropical climates near the
equator offer stable and consistent environmental conditions
throughout the year, as shown in Fig. 3. Fig. S1a provides a
more detailed explanation of this behavior, attributing the
stability of the device temperature (observed in Fig. 3b(2)) to
the uniformity of both irradiance and ambient temperature
Furthermore, Fig. S1b demonstrates that the peak sun hours
(PSH) remained statistically stable over the course of almost a
year, indicating a consistent solar exposure pattern. The
absence of distinct seasons in tropical climates creates strin-
gent real-world testing conditions with consistent day/night
cycles. As a result, tropical regions serve as reference platforms
for accelerated stability testing, material benchmarking and the
development of robust photovoltaic technologies.

3. Fabrication strategies for having
stable PSCs operating under real-world
conditions

The inherent instabilities in perovskite devices arising from
susceptibilities of the perovskite material itself, the stacking of
materials of different nature to fabricate devices, extrinsic
factors and eventually the introduction of additional elements
in the devices to scale them up58 are of critical importance
when operating devices under real-world conditions and adopt-
ing appropriate strategies to deal with them is key for success-
ful operation. Encapsulation and other approaches involving
some sort of control of the device once it has been
fabricated28,172 are widely adopted in the field and analyzed
in a later section of this review. Despite this, tackling the
instability issue from the fabrication of the devices themselves
is naturally of great importance and correspondingly many
efforts have been made towards this in the literature, resulting
in a wide gamut of strategies to enhance stability, namely
the stabilization of photoactive phases via composition
engineering,80,81,83,173 using 2D/3D perovskite heterojunctions
to reduce interface-related instabilities84,174–176 and modula-
tion of perovskite/charge-transport-layer interface employing
diverse additives.20,177–179 In this section, an overview of the
main strategies for enhancing device stability tested under real-
world conditions is presented, and the problems discussed in
Section 2 are directly addressed here through the actual solu-
tions implemented. The strategies are focused on the device
fabrication and presented in 3 groups depending on the aspect
tackled by them: bulk modifications, interface modulation and
back electrode design, schematically illustrated in Fig. 4a.

Bulk modifications collect those strategies targeting a
change in the bulk of the materials used in devices (perovskite

absorber, HTL, ETL), namely by introducing new materials with
enhanced performance or by modifying existing ones using
additives. Interface modulation gathers strategies aiming to
improve the interface between the perovskite and the charge
transporting materials and/or between these materials and the
corresponding electrodes. Back electrode design groups the
strategies dealing with the replacement of the common metal
back electrodes employed in devices. Carbon electrodes shine
in this aspect, as its success in enhancing stability under
simulated conditions is well known in the literature.183 The
papers mentioned here are only those corresponding to works
in which the focus was the strategy in question, since other
approaches are discussed in other sections. Finally, a compar-
ison between the outdoor stability results of the typical device
architectures (n–i–p, p–i–n and mesoscopic carbon) is done to
benchmark the overall stability of the architectures. It is
important to note that the discussion on the mesoscopic cells
employing carbon is treated separately from the back-electrode
design, because the approach itself goes beyond simply repla-
cing the electrode involving a significantly different approach
for the fabrication of the device itself.

3.1. Tuning device fabrication to enhance stability

3.1.1. Bulk modifications. One of the most widely adopted
bulk modifications is tuning the perovskite absorber layer
composition, which has proven to be a powerful approach to
tackle both performance and stability of devices since it has a
direct effect on properties such as bandgap and stability.81

Performance is directly influenced since the composition sets
the bandgap, which defines the maximum attainable PCE
according to the Shockley–Queisser limit,184 and impacts
charge-carrier lifetime, e.g., FAPbI3 has a higher charge-carrier
lifetime compared to MAPbI3 thanks to the faster reorientation
motion of the FA+ upon photogeneration of carriers.185–187

Furthermore, solvent compatibility depends on the composi-
tion, namely Cs-rich phases have poor solubility in organic
solvents188 and require high-coordination solvents like
DMSO,189 which heavily influences the quality of the absorbing
films. High-coordination solvents usually have higher boiling
points, hence making the crystallization step upon annealing
slower. This could yield variable surface roughness which must
be accounted for since it will directly impact the interface with
the next layer and thus charge transport between them and
charge recombination.190 Stability is inherently affected
because the chemical bonding in the material depends on
the perovskite absorber composition. Inclusion of FA usually
leads to enhanced thermal and light stability owing to the
strength of the CQN double bond in FA+ due to the contribu-
tion of the conjugated p bond and protonated FA+ that hampers
deprotonation.191 Additionally, FA+ displays low polarity and
orientational mobility, which can increase the activation energy
of ion migration for enhanced stability.192

In this context, mixed- and triple-cation perovskite composi-
tions have been tested extensively, aiming to synergize the
benefits from different cations in the material and displaying
promising outdoor stability from the early days.83,193–195
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Compositions with mixed A-cations, offer a straight-forward
way to achieve this synergy and tune the Goldschmidt tolerance
factor, an empirical index used to predict the preferentially
formed structure which is important to promote the formation
of photoactive a-perovskite phases.90 In this sense, combining
FA with a smaller cation, namely MA or Cs, allowed the benefits
of FA while bringing down the tolerance factor into a suitable
range to promote the formation of a-phase. Indeed, already in
2015 a mixed composition of (FAPbI3)0.85(MAPbI3)0.15 enabled
an optimized PCE going from 13.5 to 17.3% in a FTO/TiO2/
perovskite/Spiro-OMeTAD/Au configuration.193 The same per-
ovskite composition enabled cells showing a T80 of 846 h upon
exposure in Spain following the ISOS-O-2 protocol.196 This
approach is highly compatible with scalable deposition meth-
ods like blade coating and slot-die coating, since perovskite
films fabrication relies on solution-based precursors, which can
be adapted to large-area deposition systems.197 However, scal-
ability challenges include ensuring uniformity of cation dis-
tribution over large areas, as variations in precursor
stoichiometry can lead to phase segregation or inconsistent
film quality.198 Precise control of precursor mixing and envir-
onmental deposition parameters, such as temperature and
humidity, is critical to maintain reproducibility in high-
throughput settings. It is important to note that, given the
pioneering nature of the work, although the A-site alloying
directly addressed the intrinsic thermodynamic instability of

FAPbI3, intrinsic temperature instability during operation
remained an issue. In several of the devices, following evalua-
tion, the presence of iodine (I) in the Spiro-OMeTAD layer was
noted, clearly indicating ion migration. This is expected as no
direct attempt of ‘‘ion fixation’’ was pursued, which could be
aggravating for stability given that the authors identified I�

ions as the most likely mobile ones. This highlighted already in
the early years the need to devise clever strategies to tackle
intrinsic instabilities.

Accordingly, in the following years this A-site cation tuning
has been complemented with several other strategies. Finely
tuning the solvent system employed in the perovskite precur-
sors along with the deposition technique has proven to be a
suitable approach to modify the bulk of the layer and improve
performance in outdoor conditions. Both aspects go hand in
hand since they determine the crystallization kinetics of the
perovskite film. The solvents employed in perovskite precursor
solutions often have either a low boiling point and high
saturated vapor pressures, e.g., 2-methoxyethanol (2-ME), or a
high boiling point and low saturated vapor pressures, e.g. N,N-
dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP).
The former displays a weaker lead Pb2+ coordination, in agree-
ment with its low donor number and low polarity,189,199 and
hence can promote rapid nucleation as solute precipitation
rapidly becomes more energetically favored upon solvent
removal. When uncontrolled, this could restrict grain growth

Fig. 4 (a) Schematic illustration of the three main device fabrication strategies aimed at improving the real-world operational stability of perovskite solar
cells. Inset images represent: bulk modifications (adapted from ref. 180, CC BY 4.0, 2024); interface modulation (adapted with permission from ref. 181,
Copyright r 2023, American Chemical Society); and back electrode design (adapted with permission from ref. 182, Copyright r 2023, Elsevier).
(b) Representative outdoor stability results grouped by year and fabrication strategy used to enhance device stability. The y-axis data (T80, T90, T93, T95 and
T100) differ depending on the stability result available from the reference in question. (c) Box plot showing a comparison between outdoor stability results
between n–i–p, p–i–n and mesoscopic carbon device architectures grouped as T70–T85 and T90 or higher. The inset text represents the corresponding
average values of stability time by architecture (Axis break was applied between 20 000 and 30 000 for better readability). (d) Percentage of retained PCE
as a function of test time based on reviewed papers displaying explicit outdoor evaluation. The hollow points correspond to results which have entries in
the Perovskite Database.41 The star points mark the longest outdoor stability time for each architecture, and the corresponding efficiency (PCE) for these
cases is also included (Axis breaks were applied between 10 000–15 000 and 20 000–34 000 for better readability).
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and crystallinity,92 which is deleterious owing to the appear-
ance of more grain boundaries that are known to have negative
impacts on ion transport and perovskite decomposition over
time, as has been reviewed in several works available in the
literature.200–202 The latter, typically polar aprotic in nature,203

instead shows a high Pb2+ coordination ability, e.g., DMF
coordinates Pb2+ via the Pb–O bond,204,205 thus exhibiting slow
supersaturation due their low evaporation rates. This eventually
limits the rate of nucleation, which can be exploited to com-
pensate for the potentially harmful fast nucleation when using
the previous solvents, but could compromise the control of the
film uniformity, coverage and thickness over large areas.203

When processing via blade coating, the drawbacks of high
boiling point-solvents have been overcome by meticulous
meniscus control during coating. When aiming for high
throughput in blade coating, the deposition falls in the
Landau–Levich regime, where viscous forces and Marangoni
flow of the solute influence the amount of solution transferred
from the front meniscus to the substrate. This makes the
uniformity of the coating highly susceptible to uncontrolled
airflow, e.g., from the environment at the vicinity of the coating
tool. This could stochastically alter the front meniscus at
different positions, yielding inhomogeneous film thickness
which has a direct effect in performance and stability. In view
of this, and by using an NMP/DMF precursor whose high
affinity towards lead allows slow nucleation leading to excellent
crystallinity and grain size, Yoo et al. employed a high-velocity
nitrogen stream directed towards the front of the meniscus
during coating to induce an inwards contraction of it. This
lowered the amount of precursor solution advancing towards
the substrate homogeneously throughout the deposition front
and accelerated drying of the wet film, enabling film thinning
owing to the reduced duration of wet films. Consequently, an
uniform and smooth film was achieved despite the high boiling
point of the solvent system.92 In this way, encapsulated n–i–p
minimodules with a FTO/SnO2/KCL/FAPbI3/PTABr/Spiro-
OMeTAD/Au configuration showed an approximate T93 of
2000 h under outdoor operation conditions in China. As this
approach focused on increasing the crystal quality of the
perovskite film, the most important factor contributing to
stable outdoor behavior was the reduction in grain boundaries.
This directly tackles the resilience of the device against the
combined effect of temperature and bias. Namely grain bound-
aries in perovskites are commonly rich in point defects, namely
I� ions,206 which are highly mobile upon biasing or heating.
Given the downward band bending in the device during opera-
tion, such accumulation is aggravated by further migration of
ions in the vicinity of the boundary towards it, which can result
in decomposition into PbI2 in presence of humidity118,207 or
formation of non-photoactive d-FAPbI3.208 Although not the
main focus of the work, the surface treatment of the perovskite
with PTABr also plays a role in stability, as it tackles the
negative effect of possible humidity leaking into the encapsu-
lated devices. PTA+ can be readily adsorbed via hydrogen or
ionic bonds between its ammonium groups and the perovskite
cages, while its hydrophobic phenyl groups prevents water-

induced reactions at the vulnerable interface.209 Alternatively,
the drawbacks of low boiling point solvents can be bridged by
including small amounts of high boiling point lead-
coordinating ones and smart ink design. Dagar et al.168

employed a combination of 2-ME with small amounts of NMP
that compensates for the otherwise restricted grain growth
promoted by the sole use of 2-ME by forming an intermediate
adduct with the perovskite precursor materials (FAI�PbI2�NMP)
that aids crystallization prior to the formation of the final
FAPbI3 a-phase.210 Effectively, such adduct slows the overall
crystallization, which in turn enhances grain growth and crys-
tallinity. Upon deposition via slot-die coating, despite good
crystal quality, ribbing effects were present, for which further
addition of acetonitrile (ACN) as a low-lead-coordinating co-
solvent211 was used. This caused the ink viscosity to decrease
and led to an earlier onset of the formation of intermediate
solvate phase owing to the low boiling point of ACN, which in
turn removed the ribbing issues. This increased homogeneity
translates to better phase purity of a-FAPbI3 perovskite and
improved crystallinity, ultimately leading to encapsulated p–i–n
lab cells with an ITO/Methoxy-substituted [2-(9H-carbazol-9-
yl)ethyl]phosphonic acid (MeO-2PACz)/FAPbI3/LiF/C60/BCP/Cu
configuration displaying a remarkable T80 of approximately
8760 h in Germany.168 Similarly to the strategy followed by
Yoo et al., the mixed use of solvents here tackled the combined
effect of temperature and bias given its focus on increasing
crystallinity and grain size. In this context, techniques like
blade coating and slot-die coating benefit from tailored solvent
systems to control nucleation and crystallization, hence mak-
ing these approaches compatible with such techniques. For
instance, the use of nitrogen-stream-assisted meniscus control
in blade coating is a scalable approach compatible with roll-to-
roll processing.92 Still, challenges remain, namely the need for
precise control of solvent ratios and drying conditions, which
may require advanced equipment for gas flow or temperature
regulation in industrial settings. Furthermore, the formation of
intermediate adducts (e.g., FAI�PbI2�NMP) to enhance crystal-
linity is scalable but requires careful precursor formulation to
avoid batch-to-batch variations, which could impact production
consistency.

Bulk modifications of charge transporting layers also
allow improvements in outdoor stability. In state-of-the-art
p–i–n devices a common practice is to employ a wide gamut
of self-assembling monolayers (SAMs) as HTL, namely [2-(9H-
carbazol-9-yl)ethyl]phosphonic acid (2PACz), MeO-2PACz,
Methyl-substituted [2-(9H-carbazol-9-yl)ethyl]phosphonic acid
(Me-4PACz) and Methoxy-substituted [2-(9H-carbazol-9-yl)ethyl]-
phosphonic acid (MeO-4PACz).212,213 Due to their molecularly
thin nature, they define the quality of the transparent conductive
electrode (TCO)/HTL/perovskite interface, namely by guaranteeing
good adhesion of the perovskite layer to the TCO substrate and by
protecting the latter from ion-induced indium reduction (typical
TCO is ITO). The former aspect is dealt with molecular design,
where typically moieties of –PO(OH)2 bind to ITO,214 while the
latter is dealt with by the ion blocking capability of the SAM
molecules. Jiang et al. employed DFT calculations to show that,
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for a FA-rich perovskite composition, modifying the SAM
composition by mixing MeO-2PACz and Me-4PACz resulted in
decreased In3+ - In0 reduction stemming from electrochemi-
cal reactions at the buried interface with the perovskite organic
cation. Such reactions are especially promoted under operation
by the electric field that can transport FA cations closer to the
interface, where if they are able to penetrate through the SAM
the reduction reaction will occur. Furthermore, light exposure
can aggravate this, as photoinduced production of HI near the
interface yields I� ions that can react with In0 to form InI3,
effectively etching the electrode, hence harming performance
over time.215 The main difference between MeO-2PACz and Me-
4PACz lies in their hydrophilicity, given that the MeO group in
the former has a stronger interaction with ions compared to the
latter, non-polar in nature. This causes FA ions to display an
increased ability to reach the ITO interface in the case of sole
use of MeO-2PACz, in which case the aforementioned reactions
can take place. Including instead a modest amount of Me-
4PACz can alleviate this while maintaining a good adhesion of
the perovskite layer upon coating.132 Consequently, encapsu-
lated lab cells fabricated with such HTL in an ITO/MeO-2PACz+
Me-4PACz/Rb0.05Cs0.05MA0.05FA0.85Pb(I0.95Br0.05)3/C60/SnO2/Ag
configuration displayed a T90 of 3700 h of outdoor exposure in
the USA. This approach focused mainly on addressing the
instability against the combined effect of electrical bias and
light exposure. In view of high-throughput fabrication for
market insertion, these SAMs are typically applied via solution
processing, which is compatible with high-throughput techni-
ques like slot-die coating or spray coating.216 Their molecularly
thin nature minimizes material consumption, reducing costs
for large-scale production.216 However, achieving uniform SAM
deposition over large areas requires precise control of surface
preparation and coating conditions to ensure consistent adhe-
sion and ion-blocking properties, which could be challenging
on an industrial scale.217 Such difficulties arise from inhomo-
geneous coating namely owing to the tendency of phosphonic
acid groups to aggregate in solution217,218 and partial SAM
desorption from the substrates during perovskite precursor
coating.219,220

In the case of n–i–p devices, a typical ETL is SnO2, which
upon annealing during processing displays surface protonation
resulting in the formation of –OH groups that act as interfacial
electronic defects yielding non-radiative recombination-related
losses.221 The formation is driven by the presence of two active
sites on the surface of the as-deposited SnO2 films: a bridge
oxygen and a 5-fold (under)coordinated Sn. The latter acts as a
Lewis acid attracting water molecules from the air in the
vicinity of the film, which readily dissociate and transfer a
proton to the bridge oxygen.222 A clever strategy to mitigate this
is using pH-induced agglomeration of SnO2 nanoparticles in
the corresponding precursor used for deposition.91 Fine control
to reduce the pH of the precursor by addition of HNO3 acid
allows a controlled agglomeration of nanoparticles thanks to
the appearance of oxo groups linking them guided by the
equilibrium given by Sn–OH + OH� 2 Sn–O� + H2O. The
addition of HNO3 shifts the equilibrium in solution to the left,

which owing to the reduced charge of colloidal nanoparticles
allows them to come in close contact, hence aggregating by
crosslinking between them upon the formation of oxo groups
(Sn–O–Sn). This prevents protonation of oxygen during later
annealing of the as-deposited SnO2 films, significantly lowering
the amount of defective –OH groups appearing in the final film
and hence decreasing the losses due to undesired recombina-
tion. The main consequence of this is an enhanced perfor-
mance, which to some extent aids long term performance
because larger losses can be somehow compensated by the
higher initial performance. Additionally, oxo group crosslink-
ing also allows the final SnO2 film to be more compact and
display less pinholes, key to prevent defect-initialized permea-
tion of moisture or oxygen.91 In this way, encapsulated n–i–p
lab cells with an ITO/SnO2/perovskite/Spiro-OMeTAD/Au
configuration maintained unchanged power output during
720 h hours of outdoor operation in South Korea. The pH-
induced agglomeration strategy addresses the effect of both
potential oxygen and moisture that may enter the device when
encapsulation is not perfect, key in outdoor operation regions
with tropical climate with a high humidity throughout the year
that could trigger such permeation. In addition, it could
potentially be integrated into existing coating workflows, since
ultimately the key upgrade would be the addition of HNO3.
However, the challenge lies in maintaining consistent pH
control and nanoparticle dispersion in large-scale precursor
solutions, as variations could lead to defects or reduce film
quality.223

3.1.2. Interface modulation. This is one of the key aspects
of improving the overall performance and stability of PSCs.
This strategy can influence the charge transfer, recombination
and the operational lifetime. Interface modulation refers to
strategies like adding buffer layers at the perovskite/charge
transport material interface, which act as defect passivation
materials that reduce non-radiative recombination and
enhance stability.224,225 In this context, adding adducts onto
the surface of perovskite films can patch grain boundary cracks
and passivate interfacial defects.226 Lewis base passivation can
reduce nonradiative electron–hole recombination and enhance
photoluminescence lifetimes by nearly up to 2 ms.227 Interfacial
recombination occurs due to poor contact or defect-rich inter-
faces. Strategies like employing self-assembled monolayers
(SAMs) with high polarity can improve the band alignment
and minimize the energy loss suppressing recombination and
improving open-circuit voltage (Voc)228 and stability. Chemical
surface treatments and interface modulation using hydropho-
bic or encapsulating materials have been shown to enhance the
long-term stability of perovskite solar cells. For example,229

incorporating 2D perovskite materials into the perovskite
layer improved moisture tolerance and stability without signifi-
cantly compromising efficiency. Unfortunately, not all devices
made using the previously mentioned strategies have been
tested under real-world operating conditions, and most of them
have been evaluated under simulated-laboratory conditions;
additionally, most of the devices are less than 10 cm2 of area
(lab cells).
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Recent studies have used self-assembled monolayers (SAMs)
to enhance light stability and outdoor performance. Sekimoto
et al.181 proposed the use of isonicotinic acid/C60 SAM between
the electron transport layer and the perovskite. Long-term
outdoor stability was tested in Osaka, Japan, on encapsulated
cells under open-circuit conditions for six months, with a
cumulative light exposure of 774 kWh m�2. The results showed
that the unpassivated TiO2 surface reduced thermal stability,
whereas the cell with the modified interlayer, with an ITO/ATO/
c-TiO2/mp-TiO2/C60SAM + isonicotinic acid/perovskite/BABr/
PTAA/Au configuration, exhibited an almost unchanged PCE
and improved durability against light and heat, with an esti-
mated T100 of approximately 4032 hours. The origin of such
improvement lies in the interlayer suppressing the deleterious
cathode reaction, Pb2+ + 2e� - Pb0, at the ETL/perovskite
interface, which in turn also suppresses the detrimental anode
reaction, I� + h+ - I0, at the opposite HTL/perovskite interface.
Such reactions ultimately originate from the volatility of the MA
cation used in the triple-cation composition studied in this
work. Loss of organic cations and iodine upon exposure to
white light is known to take place in MA-rich compositions,
being less of an issue when MA is replaced by FA or I by Br.230

This leaves PbI2 as a byproduct that can further undergo
photolysis, yielding Pb0 by the previously shown reaction
thanks to the availability of photogenerated electrons.231 The
interface treatment with isonicotinic acid improved the elec-
tron extraction at the ETL/perovskite interface, both favoring
performance and stability by effectively reducing the availabil-
ity of ‘‘free’’ photogenerated electrons to reduce Pb2+. This
approach hence directly confronts the issue of light instability,
thus yielding resilient outdoor performance despite light-
induced permeation of iodine into the HTL taking place.
Interlayers of potassium pyrophosphates have also been used
to improve the performance of semi-transparent perovskite
solar cells. In a recent study,232 interface passivation (SnO2/
perovskite) was performed by bonding potassium pyropho-
sphate (KPP) to the SnO2 surface, enabled by the coordination
of Sn via Sn–O linkages with the pyrophosphate group
(P2O7

4�).233 The compound was able to passivate undercoordi-
nated atom sites, allowing a higher proportion of Sn4+ which is
beneficial for the optoelectronic properties.234 The Sn2+ coun-
terpart instead corresponds to Sn dangling bonds due to oxygen
vacancies and produces non radiative recombination at the
SnO2/perovskite interface given that a trap state within the
bandgap is formed.234 The proposed strategy in turn yielded
perovskite films with enhanced crystallinity, which as men-
tioned before can tackle the instability caused by electrical bias
due to reduced grain boundaries. The authors also claimed
enhanced thermal stability since they found less PbI2 in their
perovskite films following thermal annealing. However, since
they employed a double-cation composition (mostly FA with
some MA) and PbI2 is not amongst the decomposition products
of FAPbI3 in the temperature range of outdoor operation (e.g.,
70–75 1C in summer), the lower presence of PbI2 could be
ascribed to the same phenomenon highlighted in the previous
approach, where in this case the prevention of charge trapping

at the relevant interface hinders photolysis of photogenerated
PbI2 by the light-induced loss of MA cations. Ultimately this
enabled an estimated T80 of 1104 hours of outdoor exposition
in South Korea for devices with an ITO/SnO2/perovskite/Spiro-
OMeTAD/Au configuration. The perovskite/HTL interface in
more mainstream n–i–p configuration has also been modified.
For instance, deposition of a delaminated 2D Ti3C2 MXene layer
intercalated with 3-phosphonopropionic acid (H3pp) onto a
quadruple-cation perovskite film has demonstrated to down-
shift both surface work function and valence band of the
perovskite film, allowing enhanced hole-extraction at the inter-
face. Furthermore, it enabled a 10-fold and 1000-fold decrease
in the density of shallow and deep interface trap states,
respectively.235 Ti3C2 typically displays Ti outer layers functio-
nalized with O and OH groups that allow an electrostatic
interaction with the perovskite, leading to a transferred charge
density highly localized at the first Pb–I layer of the perovskite
material. This forms an interface dipole whose magnitude
depends on the groups involved (e.g., O or OH), being directly
responsible for the surface work function shift.236 This effect is
further complemented by the presence of H3pp, resulting in
decreased trap density at the interface. Karimipour et al. eval-
uated the lab cell devices with a FTO/c-TiO2/m-TiO2/Perovskite/
MXene:H3pp/Spiro-OMeTAD/Au configuration under outdoor
exposure in Spain and obtained a T80 of 600 hours. The focus
on diminished charge trapping at the interface points to
enhanced stability against light, as previously explained, given
that effectively less photogenerated charges will be available at
the interface to undergo deleterious redox reactions. Inverted
p–i–n configuration has also been the subject of different
outdoor testing, particularly by modifying the HTL/perovskite
interface. An important aspect that can be enhanced with such
an interface is reproducibility, which is particularly relevant for
industrial-scale production. The solution-processing required
for device fabrication yields inherent pinholes and non-
uniformities in the films that can lead to device failure due to
shunt paths. Back in 2019, Ramirez et al.237 tackled this issue
by inserting a 100 nm mesoporous layer of Al2O3 at the HTL/
perovskite interface, which homogenized the perovskite film
coverage to prevent the formation of pinholes and thus shunt-
ing paths through the layer upon deposition of further charge
carrier films and metal electrode. This led to enhanced repro-
ducibility evident in less steep decline in PCE when increasing
device size and more consistent Voc values. Pinholes yield a
reduced distance between opposite electrodes, which in turn
allows an increased electric field upon operation.238 Hence, in
view of stability, a reduction in pinhole formation enables
better stability against bias. Complementarily, the mesoporous
Al2O3 layer also reduced the trap states at the HTL/perovskite
interface,239 further enhancing bias resilience and ultimately
leading to minimodules with an ITO/NiOx/m-Al2O3/MAPbI3/
PCBM/Rhodamine/Ag configuration displaying a T80 of around
1900 h under outdoor conditions in Colombia, an outstanding
stability achieved under harsh tropical climatic conditions
(Fig. 3b). In an industrial environment, deposition of Al2O3

nanoparticles is well-suited for high-throughput processing.
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Screen printing, in particular, is a mature industrial technique
that can facilitate large-scale production of mesoporous layers,
provided uniformity is maintained.240 However, challenges
include controlling the porosity and thickness of the meso-
porous layer over large areas, which is especially critical for
such thin layers. Additionally, variations in nanoparticle dis-
persion or coating conditions could lead to inconsistent film
quality, requiring optimization of precursor inks and deposi-
tion parameters.

Fei et al.93 modified the buried ITO/PTAA/perovskite inter-
face by adding an aromatic phosphonic acid, [2-(9-ethyl-9H-
carbazol-3-yl)ethyl]phosphonic acid (EtCz3EPA). At such inter-
face, mainly three types of defects are present following fabri-
cation: Ii

� (type I), Ii
+ (type II) and a defect related to the

formation of an amorphous perovskite region (type III) stem-
ming from phase segregation.52 The density of all such defects
increases following illumination during operation due to the
UV region of the spectrum. Type II defects increased due to
accelerated I-migration upon illumination, and since trapping
of photogenerated electrons is possible by such defects excess
holes are created which trigger A-cation migration and phase
segregation.241 A weak anchoring between the perovskite and
the ITO/PTAA substrate was identified as the main cause for
this inadequate evolution under illumination, and hence EtC-
z3EPA was introduced as an interface layer capable of anchor-
ing both ITO and perovskite at opposite ends. The –COOH and
–PO(OH)2 groups of the molecule could link to the –OH groups
of ITO, while the –NH–,QO, halide (–X) and carbazole groups
could interact with the Pb2+ in the perovskite. Furthermore, the
preferred in-plane orientation of the carbazole group allows
better interaction of N with Pb2+ in the perovskite, indeed
resulting in better anchoring compared to sole PTAA. Conse-
quently, type-III defects (amorphous perovskite phase) were
significantly suppressed and the increase of all defect types
upon illumination was lowered, thus allowing reduced cation
migration and phase segregation. This strategy hence directly
bridged issues stemming from the coupled effects of tempera-
ture, electrical bias, and light, given the reduction of defects
capable of trapping photogenerated carriers and whose migra-
tion is triggered during operation by heat and electric fields.
The authors obtained outstanding outdoor stability results in
Colorado (USA) with a T100 of 4872 hours for minimodules with
an ITO/PTAA/FA0.9Cs0.1PbI3/C60/BCP/Cu configuration display-
ing an aperture area of 17.88 cm2. In view of industrial
fabrication, this approach displays the same benefits and draw-
backs as typical SAMS, namely compatibility with slot-die and
spray coating216 and challenging uniformity over large areas.217

Alternatively, an ETL based on perylendiimide derivatives com-
pared to Phenyl C61 Butyric Acid Methyl ester (PCBM) has
proven to improve the stability of (ITO/PEDOT:PSS/MAPbI3/
ETL/Ag) solar cell.242 In the study by Akbulatov et al., TOF-
SIMS depth profiling revealed that, after device operation, a
layer of AgI is formed at the ETL/Ag interface regardless of the
type of ETL employed, although when using PCBM the propor-
tion of such layer was higher. This is a result of MAPbI3

splitting into PbI2 and MAI (e.g., owing to photothermal

decomposition upon operation),93 the latter one being a volatile
compound capable of diffusing through the ETL, reach the
back Ag electrode and corrode it to AgI.104,243,244 Although such
process takes place for both types of ETL, in the case of the
perylendiimde derivative, such diffusion only occurs through
grain boundaries, which has a less negative effect on device
performance over time. Additionally, MAI decomposition pro-
duct was found to dimerize to (MAI)2, which should be inter-
calated in the ETL for diffusion to take place. DFT calculations
showed this to be the main reason for increase stability, since
such process can readily take place in PCBM while being
heavily unfavorable for the perylendiimde derivate, which
forms a very compact 3D network via van der Waals interac-
tions. In this way, the proposed strategy bridged instabilities
arising from the coupled effect of temperature and light, as
harmful effects stemming from photothermal decomposition
were mitigated. The fabricated lab cell scale devices were
exposed to natural outdoor conditions in the Negev desert
(Israel) to obtain a T80 of about 41 hours when using the
perylendiimide derivatives compared to less than 5 hours for
PCBM.242 Boron chloride subphthalocyanine (Cl6SubPc) has
also been used to passivate the perovskite/fullerene ETL inter-
face in inverted PSCs.245 In an ITO/Cu:NiOx/perovskite/ETL/
C60:BCP/Ag device, Chen et al. found that N and B atoms from
Cl6SubPc underwent strong chemical bonding with migrating
ions from the perovskite, N allowing I� adsorption (more than
20 times stronger compared to bare C60 based on DFT and
molecular dynamics simulations), key to prevent metal elec-
trode corrosion upon operation, and B enabling electron trans-
fer with both perovskite and C60.246 Furthermore, Cl ions from
Cl6SubPc display higher binding energy towards Pb compared
to bare C60, hence allowing stronger linking between perovskite
and ETL. This resulted in effective inhibition of the halide ion
migration at the perovskite/ETL interface, directly mitigating
temperature and bias effects, e.g., suppression of electrode
corrosion as the rate of corroding migrating ions reaching it
is lower. Synergistically, the enhanced interface linkage favors
charge transport, i.e., aiding the issue of charge accumulation
at the interfaces whose deleterious effect has been previously
described and related to light exposure. Consequently, the
outdoor testing results in China showed a T87 of 1728 hours
under ISOS-O-1 for lab cells. The use of specific materials like
perylendiimide derivatives and CL6SubPc would still be highly
compatible with solution processing at large scale, however,
their scalability is limited by their synthesis complexity
and cost, which may require highly specialized production
facilities.247

The paper presented by Cao et al.248 used NiOx not as a
direct HTL but as a redox-sensitive metal oxide into a perovskite
to obtain an active composite film. NiOx nanoparticles (NP)
were incorporated into the perovskite layer using the antisol-
vent process to prevent possible surface –OH groups at the NPs
surface from triggering proton removal of the A-site organic
cations.249 With the aim of chemically passivating Pb0 and I0

defects, the authors successfully employed the Ni2+/Ni3+ ion
pair, displaying a suitable redox potential and cost-
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effectiveness, to continuously shuttle electrons leading to oxi-
dation (2Ni3+ + Pb0 - 2Ni2+ + Pb2+) and reduction (Ni2+ + I0 -

Ni3+ + I�) of such defects, respectively. Additionally, NiOx

causes a slight increase in the oxidation energy of I�/I3
+ and

I3
�/I0, offering energetic passivation by increasing the energy

required for iodine oxidation.250 X-ray Photoelectron Spectro-
scopy (XPS) and Raman analysis demonstrated the formation of
strong Ni–I and Pb–O bonds, which hampers loss of volatile
iodide due to thermal stimuli, whilst DFT calculations showed
an increase of the formation energy of iodide vacancies in PbI6

octahedral frameworks from 0.45 to 0.97 eV, hence impeding
such vacancies and ion migration. Furthermore, the p-type
doping and barrier effect of NiOx shifted the electric field at
the HTL/perovskite interface from positive to slightly negative,
which is highly beneficial for charge extraction at such
interface.250,251 The combined effect of these phenomena offers
a thorough approach to mainly tackle coupled temperature and
bias instabilities by fixation of volatile species, compensation of
charges losses that produce defects and reduction in charge
accumulation at interfaces. In this way minimodules were
fabricated, consisting of an effective area of 18 cm2 and 8
series-connected perovskite sub-cells fabricated on a FTO sub-
strate (6 � 6 cm2). They were subjected to outdoor exposure in
China and displayed a T95 of 1600 hours for devices with a FTO/
ZnO–TiO2/perovskite/NiOx–NiPc/Au configuration. When con-
sidering high-throughput fabrication, some potential chal-
lenges could be ensuring uniform NiOx nanoparticle
distribution and preventing aggregation, which could intro-
duce defects. The need for precise control of antisolvent timing
and nanoparticle concentration may complicate high-
throughput processing, requiring automated systems to main-
tain consistency.

3.1.3. Back electrode design. Gold and silver electrodes,
despite their excellent conductivity and energy alignment,
suffer from interfacial degradation that limits PSC
lifetimes.104,244,252,253 Halide ions (I�, Br�) released under the
action of light, temperature, or humidity form insoluble metal
halides with the electrodes (AuI3, AgI), which increases contact
resistance.254 At the same time, the bidirectional migration of
Ag+ and I� induces dendrites that create bypasses,252,255,256

while Pb2+–Au galvanic reactions and photocorrosion further
deteriorate the integrity of the electrode.253,257 Ultrathin ion-
blocking interlayers (e.g., NiOx, Copper(I) thiocyanate (CuSCN)),
have proven effective at mitigating these pathways and extend-
ing device stability258 although further outdoor testing of such
strategies is lacking.

Accordingly, some efforts have been made to find alterna-
tives to replace these metals as counter electrodes. Notably
carbon-based materials thanks to their outstanding conductiv-
ity and inertness,183 specially against ion migration between
perovskites and metal electrodes,259 not requiring heating of
the device during deposition which is itself an intrinsic advan-
tage for device stability, alongside low-cost fabrication and
mechanical flexibility.260 A big-data-driven analysis of overall
strategies to enhance the stability of PSCs even demonstrated
that employing carbon-based electrodes can outperform any

other strategy available at the time of publication,105 thus
highlighting the potential of this carbon-based-electrode
approach. However, examples of this approach being tested
outdoors are rather limited.

Carbon-based materials have been implemented in back
electrodes of perovskite solar devices in two main ways: as thin
films replacing the typical metal electrode261–263 and as a
mesoscopic thick films (thicknesses of 10–12 mm are common)
that serve as back electrode and simultaneously pose a tem-
plate onto which the perovskite absorber material can be
infiltrated,264–266 implying a fabrication approach different
from the typical layer by layer deposition strategy. Herein, only
the first group is discussed, and the second one is treated in the
following section.

The carbon-based back electrodes of outdoor evaluated
perovskite devices have been manufactured using different
techniques, namely film transfer and typical thin film deposi-
tion, e.g., blade coating and screen printing. Using an HTL-free
configuration, a film-transfer approach has demonstrated good
results.263 For this, a hybrid ONC/MWCNT (Organic Nanocrys-
tal/Multi-Walled Carbon Nanotubes) film was prepared by self-
assembly, with an overnight vacuum drying process that
yielded free standing films. Subsequently, the films were trans-
ferred onto devices to work as back electrode by performing a
pre-wetting in acetonitrile followed by a gentle stamping onto
the device. Conventional devices using Au as back electrode can
readily undergo photo-induced Au diffusion into the perovskite
layer following operation, which has been demonstrated to
have detrimental effects on performance and in this case is
highly likely due to the absence of an HTL that could act as a
diffusion barrier.267 Hence, the replacement of Au for the
hybrid ONC/MWCNT layer is key to coping with this issue.
Upon outdoor exposure, no encapsulation was employed
thanks to the resilience of the hybrid electrode to air and
moisture, which coupled with an inorganic perovskite absorber
within a device with a glass/FTO/c-TiO2/mp-TiO2/CsPbBr3/
carbon-based electrode resulting in an estimate T80 of 450 h
in Israel. This strategy is particularly clever since it removes the
complication of the deposition of the electrode (usually from a
slurry-like solution) onto the perovskite material which can be
experimentally difficult and severely damage the substrate
material. Furthermore, it showcases a smart way to tackle
thermal and light instability originated at a device level, not
directly from the perovskite itself or the adjacent charge trans-
port layers, as the main addressed issue stemmed from metal
electrode migration. In addition, the hydrophobic nature of the
carbon electrode offers an additional barrier against moisture
induced degradation, aiding device stability in view of possible
leakages through the encapsulation system. Another study262

reported a similar HTL-free device with a ‘‘bio-inspired’’
carbon-based back electrode fabricated with graphitic carbon
from an invasive plant species. In contrast to the previous work,
a full solution-processed device was studied in which an inter-
layer of graphitic carbon and MAPbI3�xClx perovskite was
inserted between the absorber and the back-carbon electrode.
Furthermore, the deposition of the electrode was performed by
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brush-painting, reducing damage to the underlying perovskite
layer, which is important to reduce pinholes that produce
locally increased electric fields with negative effects in terms
of ion migration. In this way, encapsulated n–i–p lab cells with
a FTO/TiO2/Al2O3/perovskite/carbon-based electrode architec-
ture displayed an approximate T80 of 1200 h under outdoor
exposure in Norway. More recently, an encapsulated n–i–p
flexible minimodule (ITO/SnO2/Cs0.17FA0.83PbI2.7Br0.3/PTAA/
Carbon) with a screen-printed carbon back electrode with
remarkable stability has been achieved, directed towards appli-
cation in a perovskite-powered global positioning system (GPS)
for an internet of things (IoT) device that monitors wildlife
bison.261 Such device achieved a T70 of 8400 h under outdoor
exposure in Poland and exploited the same inherent benefits of
carbon materials as previously stated. Overall, the carbon-based
electrode strategy is highly compatible with high-throughput
fabrication. Screen printing, as demonstrated in Poland,261

aligns well with roll-to-roll processing and is cost-effective
due to the low cost and inertness of carbon materials. The
film-transfer approach,263 while innovative, is less scalable due
to its time-intensive preparation and manual steps but could be
improved with automated lamination systems. Challenges for
solution-processed electrodes include ensuring uniform con-
ductivity and adhesion over large areas, which can be
addressed through optimized ink formulations and automated
deposition systems. The absence of high-temperature proces-
sing and the mechanical flexibility of carbon electrodes further
enhance their suitability for industrial-scale production.

A summary of the outdoor stability results discussed above
is shown in Table 1, analyzing the key concept strategy used in
the cited papers and its effect on device stability. It is important
to note that this represents only a minor subset of the compre-
hensive body of work on perovskite solar cells. For instance, the
Perovskite Database40,41,268 includes over 43 000 entries of
published device data. This contrast underscores the limited
experimental efforts devoted to testing devices under real-world
conditions. Given that perovskite solar cell research has accel-
erated within the past 15 years, this limited number of outdoor
studies is understandable. It also highlights the need to bridge
the gap between advanced device architectures and their real-
world performance.

Despite this, there is a clear trend: more outdoor stability
testing, with more robust devices and longer lifetimes. Fig. 4b
shows how manufacturing strategies for improving outdoor
stability have evolved over time. It presents representative
results from different approaches, including T80, T90, T93, T95

and T100 values, tracked over several years. Among these, inter-
face modulation has been the most studied strategy, achieving
notable improvements in stability. For example, devices
advanced from a T80 of just 41 hours in 2017242 to minimodules
with no observable performance loss after 4872 hours of out-
door exposure.93 The bulk modification approach ranks second
in terms of the number of studies, with results such as a T93 of
2000 hours in minimodules.92

Notably, while the use of carbon back electrodes has demon-
strated outstanding stability potential, such as a reported T70 of

8400 hours,261 this strategy has received relatively little atten-
tion. Only three outdoor studies on carbon-based devices are
included in Fig. 4b. In general, outdoor stability results in this
approach trail behind those interface and bulk modifications.
This issue may be attributed to the intrinsic challenges asso-
ciated with exposes devices into the environment, including
inadequate interfacial adhesion, suboptimal surface wettabil-
ity, and insufficient ohmic contact between the carbon elec-
trode and underlying layers.183 These issues can be further
compounded in outdoor environments. Nevertheless, one of
the most promising approaches to producing stable, cost-
effective perovskite modules is still the use of HTL-free designs
with carbon electrodes (discussed in the next subsection).
There is considerable potential for large-scale deployment,
particularly in situations where longevity exceeds peak effi-
ciency. This is due to their chemical robustness, moisture
resistance, and compliance with ambient, low temperature
processing.

Unlike the more chemistry-oriented strategies of interface
and bulk modification, the carbon back-electrode approach
requires substantial engineering effort. The materials and
methods for carbon electrode integration into the stack are
important to achieving stable performance outdoors. The men-
tioned strategies can be used combined in high-efficiency
devices, especially in tandem structures which require
advanced techniques to improve performance.175,269–274 This
is particularly relevant for tandem devices, which often require
complex architectural strategies to optimize both performance
and stability.275–280 While these approaches have yielded some
of the highest efficiencies reported to date, they too lack
systematic benchmarking under outdoor conditions. Expand-
ing real-world validation across both single junction and tan-
dem architectures will be essential to ensure perovskite
photovoltaics meet commercial reliability standards. Some
studies display devices with promising stability results under
stringent conditions, such as T85 of 1250 hours,269 T95 of
2000 hours,273 and T96 of 2000 hours274 under ISOSL3 protocols.
Though developments seem promising, few are reported in the
literature specifically showing outdoor testing.

As demonstrated in Table 1, the fabrication approaches
exhibited favorable results in outdoor conditions. All studies
incorporated at least one complementary indoor test, thus
enabling the correlation of degradation mechanisms observed
under controlled laboratory conditions with real-world operat-
ing behavior. It was demonstrated that strategies based on bulk
modification (B.M.) exhibited the longest stability times, reach-
ing T80 4 5000 h under ISOS-L1I, which an inherent improve-
ment in perovskite stability. On the other hand, more stringent
protocols (ISOS-D2, ISOS-L3) have been used to evaluate Inter-
face Modulation (I.M.) approaches, with T90 values approaching
2000 hours and T100 values around 1100 hours. These findings
highlight the efficacy of interfacial strategies even under more
demanding ISOS protocols. Finally, even without encapsula-
tion, back electrode design (B.E.D.) techniques produced T90/
T100 values greater than 1200 hours, highlighting their role in
mitigating degradation pathways.
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Table 1 Summary of relevant data from papers displaying outdoor results of perovskite solar devices using several fabrication approaches. Device sizes
are presented as defined in ref. 45. Figures were adapted or reprinted with permission from ref. 168 (CC BY 4.0, 2023),91 (CC BY-NC 4.0, 2024),92

(Copyright r 2024, Elsevier),237 (Copyright r 2019, Elsevier),245 (Copyright r 2021, Elsevier),181 (Copyright r 2023, American Chemical Society),248

(Copyright r 2024, American Chemical Society),93 (CC BY-NC 4.0, 2024)

Approach Year Device size
Stability
parameter

Stability
time (h) Country Key concept Ref.

B.M. 2016 Lab cell T80 846 Spain Stabilization of a-phase by modifying the
tolerance factor with composition

196

2023 Lab cell T80 8760 Germany Fine tuning of adduct formation to template
crystallization and modification of solution
rheology

168

2023 Lab cell T90 3700 USA Mixing of SAMs to enhance perovskite
adhesion to TCO substrate and suppress
electrochemical reduction of indium in ITO

132

2024 Submodule T100 720 South Korea Link of SnO2 nanoparticles with oxo groups
to prevent the formation of –OH electronic
defects

91

2024 Minimodule T93 2000 China Reduction of precursor solution advancing
towards substrate and accelerated drying

92
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Table 1 (continued )

Approach Year Device size
Stability
parameter

Stability
time (h) Country Key concept Ref.

I.M. 2017 Lab cell T80 41 Israel Replacement of [60]PCBM with ETL showing
lower diffusion rate of volatile perovskite
decomposition product

242

2019 Minimodule T80 1900 Colombia Perovskite morphology homogenization
using mesoporous underlayer

237

2021 Lab cell T95 1272 China Chemical bonding of migrating ions to pre-
vent electrode corrosion and enhance elec-
tronic between perovskite and ETL

245

2023 Lab cell T100 4032 Japan Suppression of electrochemical lead
reduction and iodine oxidation

181

2023 Lab cell T80 600 Spain Decrease of interfacial deep and shallow
traps

235

2024 Minimodule T80 1104 South Korea Passivation of undercoordinated tin atoms
in HTL via phosphate bonding

232

2024 Minimodule T95 1600 China Suppression of lead reduction and iodine
oxidation via Ni2+/Ni3+ ion pair

248
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In the ref. 91, which employs the bulk modification (B.M.)
strategy, the ISOS-D3 protocol is used under conditions of 85 1C
and 85% relative humidity. The device exhibits greater stability
in indoor-D3 (T80 = 1080 h) than in outdoor tests (T80 = 720 h).
This occurs because, although ISOS-D3 imposes temperature
and humidity stress, this stress is constant, controlled, and
static. Under such conditions, uniform diffusive and thermal
processes dominate degradation, allowing both the encapsu-
lant and the perovskite to maintain stable behavior. In contrast,
the encapsulated device is subjected to a highly dynamic and
multifactorial environment during outdoor tests. This environ-
ment includes real solar irradiance (including UV), day-night
thermal cycles, humidity variations, atmospheric oxygen,
and climatic agents like wind gusts, dew, and intermittent
shading. Together, these elements speed up the encapsulant’s
and interfaces’ deterioration and cause failure pathways
that do not appear under controlled damp-heat. As a
result, even though B.M. greatly increases stability indoors,
its outdoor performance shows that the encapsulation used is
insufficient to mitigate the entire range of degradation mechan-
isms, which explains the lifetime reduction from 1080 to
720 hours.

Regarding a the ref. 237 and the interface modulation (I.M.)
strategy, the ISOS-D1 protocol is used with a relative humidity
of 60%. Here, the absence of encapsulation is crucial in
explaining the marked difference between indoor (T72 = 61 h)
and outdoor (T80 = 1900 h) stability. In indoor environments
without encapsulation, degradation is driven by direct exposure
to ambient humidity, immediately compromising the func-
tional interfaces. In contrast, for outdoor testing, these devices
were encapsulated, preventing direct water permeation, and
allowing the interfacial strategy to demonstrate its effectiveness
under more complex climatic conditions. This shows that, for
humidity-sensitive devices, encapsulation can become the
dominant factor determining overall stability.

Finally, in the article263 evaluates the back electrode design
(BED) strategy using the ISOS-D1 protocol under ambient

temperature and relative humidity conditions between 25–30%.
In this case, the unencapsulated device exhibits a T100 of 1440 h,
while outdoors, even when encapsulated, the T80 decreases to
450 h. This demonstrates that high indoor stability does not
necessarily translate to real-world conditions. Outdoors, the simul-
taneous presence of UV irradiance, fluctuating humidity, and
thermal cycles induce degradation mechanisms, especially in the
encapsulant and back contact, that remain inactive under a stable
indoor environment. Consequently, indoor tests are useful for
preliminary diagnosis but mandate respective outdoor validation.

3.1.4. Indoor-tested strategies and their transferability to
real-world operation. The strategies discussed in the previous
sections (Table 1) have been tested under outdoor conditions,
validating that they are adequate to integrate into
devices. However, many strategies developed for PSCs have still
not been proven under real-world operation. In the state of the
art of stability evaluation of PSCs, the majority of tests corre-
spond to ISOS indoor protocols, which enable the assessment
of different strategies for improving device durability
under standardized conditions. Indoor protocols are indispen-
sable because they isolate mechanisms (single-stress effects),
accelerate degradation (rapid evaluation), provide reproducible
conditions, enable fast screening, and allow global standardi-
zation, while outdoor tests provide the ultimate validation. This
verification is essential to confirm that, under real-world oper-
ating conditions, the strategy evaluated indoors can function
effectively. For this reason, it is necessary to ask whether a
strategy that performed well in indoor tests can be directly
assumed to work outdoors. The answer is negative. The two
approaches are complementary, not interchangeable. To
address this gap, different methods exist today to attempt to
predict the fingerprint of outdoor performance from indoor
tests, which are discussed in Section 5.3.

To illustrate this point, we discuss representative examples
in which a strategy that performs well under indoor conditions
requires additional considerations to succeed outdoors, high-
lighting that indoor performance alone is not sufficient for real-

Table 1 (continued )

Approach Year Device size
Stability
parameter

Stability
time (h) Country Key concept Ref.

2024 Minimodule T100 4872 USA Chemical engineering of SAMs to enhance
anchoring of perovskite to ITO

93

B.E.D 2019 Lab cell T80 450 Israel Fabrication of free standing back electrode
with subsequent transfer onto the device

263

2022 Minimodule T80 1200 Norway Coupling of paint-brushed carbon back-
electrode via graphitic carbon-MAPbI3�xClx

interlayer

262

2024 Minimodule T70 8400 Poland Use of screen-printed highly stable carbon
back-electrode

261
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world deployment. A prime example of this is shown by Fei
et al., who demonstrate that devices using PTAA operate well
and remain stable under LED-based indoor protocols but
degrade rapidly outdoors.93 As the chemical mechanism
behind this instability has already been described in Section
3.1.2, here we emphasize that this degradation pathway is
activated primarily by UV exposure, an effect absent in conven-
tional ISOS indoor tests. Consequently, strategies that appear
robust under indoor conditions may not translate to outdoor
stability unless they are specifically designed to withstand UV-
induced stress. In this context, Fei et al. show that replacing
PTAA with the phosphonic-acid carbazole molecule EtCz3EPA,
which provides stronger anchoring at the buried interface, is
necessary to preserve device performance under real sunlight.
This demonstrates that although PTAA can perform well under
ISOS protocols, including ISOS-LC or indoor temperatures even
higher than those experienced outdoors in the study by Fei
et al., while humidity-related effects are effectively suppressed
through encapsulation, factors unique to outdoor environ-
ments, such as UV exposure, can activate degradation pathways
not triggered indoors. This makes it necessary to adjust or
replace the HTL with another material that preserves efficient
hole transport while avoiding UV-induced instability. Taken
together, this case shows how indoor robustness does not
guarantee outdoor viability when specific spectral stressors
are missing from indoor protocols.

Similarly, a widely used indoor passivation strategy involves
the incorporation of PEAI to form a 3D/2D heterojunction,
which effectively suppresses surface recombination under mild
ISOS conditions. However, the work by Wang et al. shows that
PEAI is not transferable to outdoor-like stressors because its
mono-ammonium nature makes it highly susceptible to photo-
thermal degradation.281 Under simultaneous light and heat,
PEAI deprotonates and reacts with PbI2, producing Pb0 and
triggering rapid iodide migration, processes that do not occur
under standard indoor protocols. To overcome this limitation,
the authors replace PEAI with the di-ammonium spacer BDAI2,
which forms the photothermally robust Dion–Jacobson phase
BDAPbI4. The strong bidentate hydrogen bonding of the di-
ammonium cation stabilizes the PbI6 network, suppresses
deprotonation, and prevents structural collapse under harsh
ageing. This finding underscores that certain molecules per-
forming excellently indoors may still require structural rede-
sign to withstand full-spectrum outdoor stressors.

In the context of carbon electrodes, Lukas et al. provide
another example of an indoor strategy that cannot be directly
transferred outdoors.282 Although PCBM is widely used as the
electron-extraction layer in indoor PIN devices, the authors
show that it is incompatible with carbon pastes, since it
dissolves and intermixes during contact formation. This pre-
vents the fabrication of stable or reproducible devices, and
previous work showed that only an evaporated chromium layer
could protect PCBM, which increases cost and defeats the
purpose of low-cost carbon contacts.283 To create a fully low-
cost PIN/carbon architecture, the authors replace PCBM with
ALD-SnO2. However, SnO2 alone gives limited performance and

poor stability because its rigid inorganic surface forms a weak
electronic interface with the carbon electrode, leading to con-
tact resistance increases and interfacial degradation. Adding a
thin PH1000 layer on top of SnO2 overcomes these limitations
by improving energy alignment, charge transport, and interface
quality. As a result, the SnO2/PH1000 and carbon configuration
shows significantly improved stability and functionality,
demonstrating a viable pathway toward low-cost PIN devices
with carbon top electrodes. This illustrates a different type of
indoor–outdoor mismatch rooted not in photochemistry but in
interface compatibility and mechanical robustness.

Furthermore, encapsulation provides another example of a
strategy that performs well under indoor ISOS tests but fails
outdoors. Emery et al. show that UV-glue ‘‘LAB’’ encapsulation,
commonly used in perovskite research, preserves more than
93% of the initial efficiency for over 1500 h under ISOS-D1
storage, giving the impression of strong protection.284 However,
under damp-heat conditions (85 1C/85% RH) or real outdoor
exposure, LAB-encapsulated devices degrade rapidly, often fail-
ing within days. This poor transferability arises from the
inherent limitations of UV-cured epoxies, including micro-
cracking, high WVTR, and interfacial damage introduced dur-
ing curing. Outdoors, these weaknesses permit moisture
ingress and edge-initiated decomposition, effects not revealed
by indoor tests. To address this issue, the authors implemented
a commercial lamination stack consisting of a polyolefin
encapsulant and a butyl rubber edge seal. This provides low
permeation rates and higher mechanical stability. Devices
encapsulated using this method pass IEC 61215 damp-heat
testing and retain almost full efficiency after spending more
than ten months outdoors. This demonstrates that, like inter-
faces and contact layers, encapsulation must be validated
directly under outdoor conditions to ensure real-world
durability.

Collectively, these examples show different strategies for
improving device stability and highlight the gap between good
development in indoor tests and outdoor tests, spanning from
interface modifications to back electrode design and encapsu-
lation. This message makes clear that the strategies at the edge
of the state of the art tested only indoors should be tested
outdoors to analyze their transferability and ensure adequate
development or the needed optimizations. Therefore, we pro-
pose testing some recent strategies in outdoor conditions that
work very well indoors and could have promising behavior
outdoors. Two high-efficiency interface modulation strategies
recently reported under indoor ISOS testing highlight the need
for outdoor validation. Liu et al. introduce a bimolecular
treatment combining PDAI2, which induces a field-effect at
the perovskite/C60 interface to block holes, with 3MTPAI, which
passivates iodide vacancies through S–Pb interactions;274 this
synergistic design suppresses interfacial recombination and
enables certified PCEs above 25% with 41500 h indoor stabi-
lity (4T90). Chen et al. develop dual-site aromatic sulfonate
ligands such as 4Cl-BZS that bind two adjacent Pb2+ sites and
improve the energetic and mechanical coupling with C60,
producing 426% certified efficiencies and strong stability
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under ISOS-L3 protocols during 1200 h (T95).272 Both treat-
ments rely on ultrathin molecular layers that are solution-
processable and compatible with scalable coating, but neither
was evaluated under sunlight containing UV, humidity varia-
tions, or thermal cycling. Their excellent indoor performance
therefore makes them compelling candidates for outdoor test-
ing to assess the robustness and transferability of these inter-
face-engineering concepts under real-world conditions.

In addition to interface engineering, several recent indoor-
only stability advances based on molecular and polymer addi-
tives for bulk modification highlight promising yet unvalidated
pathways for real-world operation. Sun et al. introduce a step-
wise melting-polymerizing molecule (SMPM) that melts, infil-
trates grain boundaries, and polymerizes in situ, forming a
hydrophobic grain-scale encapsulation that strongly suppresses
humidity-driven degradation (T95 at 2000 h at 85% RH) and
stabilizes FAPbI3 through hydrogen bonding and Pb2+

coordination.285 Simultaneously, Shi et al. develop mechani-
cally interlocked networks (MINs) that regulate colloidal parti-
cle distribution during printing, yielding highly uniform large-
area films with enhanced crystallinity and mechanical robust-
ness, an approach fundamentally compatible with scalable
coating methods such as blade or slot-die processing (4T90

after 1000 h at 65 1C).286 Finally, Xiong et al. propose an
additive strategy using alkali metal oxalates to homogenize Cl
distribution, suppress surface aggregation, and improve inter-
facial coupling, enabling 427% indoor PCE and strong ther-
mally driven MPPT stability (4T80 after 1000 h at 85 1C).287

None of these three approaches have been tested in outdoor
conditions with fluctuations in humidity, temperature, or light
with UV components. However, all are based on ultra-thin
molecular layers or solution-processable additives that are in
principle compatible with large-scale manufacturing techni-
ques. These strategies are therefore excellent candidates for
systematic outdoor validation to determine their actual trans-
ferability to real-world conditions due to their outstanding
indoor performance.

Ultimately, these examples show that potentially viable
strategies for outdoor performance have not yet been evaluated
under real operating conditions, and they corroborate whether
they are truly viable or if some adjustment or optimization of
the molecule or strategy is necessary. These are directly applic-
able improvements for devices exposed to actual outdoor con-
ditions, and they could accelerate the stability of solar cell
devices and bring their commercialization closer.

3.1.5. HTL-Free carbon devices. Analyzing the effect of
different strategies on device stability requires a layer by layer
investigation of how each component contributes to the degra-
dation of the device’s PCE. Any layer that degrades contributes
to aggregate performance loss. The layers with the largest
impact on stability are the light absorber material, the charge
transport layers, and the counter electrode. Section 2 covered
the degradation of the light absorber material, and Section
3.1.3 examined the counter electrode. There, it was determined
that carbon-based counter electrodes exhibit enhanced long-
term stability in outdoor environments and offer a scalable, low

temperature processable substitute for noble metal contacts.
Nevertheless, in PSCs, the progressive reduction in PCE is also
due to the degradation of the other layers of the device,
especially the HTLs.

HTLs used in n–i–p devices (such as Spiro-OMeTAD and
PTAA) show thermal and photo-induced degradation in the
operational range (E70–85 1C).288 In doped Spiro-OMeTAD,
device performance drops rapidly at E85 1C while other layers
remain comparatively stable; part of this decay is irreversible
due to dopant loss. In particular, tBP evaporates at E85 1C,
causing voids, pinhole formation, and morphological
failure,289,290 effects that can be partially mitigated by the top
metal electrode.288,291 Also, under humid conditions, the hygro-
scopic Li-TFSI dopant accelerates underlying perovskite degra-
dation; higher Li-TFSI content correlates with faster moisture-
driven decay, and at high RH Spiro-OMeTAD or PTAA films
crack and fragment on the perovskite, enabling water and ion
ingress.119,288,292 Meanwhile, Au electrode migration through
Spiro-OMeTAD occurs under illumination even at 70 1C, caus-
ing shunts and trap formation.288,293 For PTAA, doping with Li-
TFSI + tBP increases conductivity but also introduces light-
assisted oxidation features (e.g., a new absorption band at 440–
550 nm assigned to PTAA+ under illumination), while shifting
the energy levels and affecting morphology; optimized films
still benefit from thin, pinhole-free coverage to minimize
transport losses.294 A remarkable exception of this degradation
pathways is the work by Babu et al., who reported a PTAA based
carbon electrode perovskite module with operational stability
lasting one year.261 Maybe, this result was made possible using
a highly durable encapsulant that mitigated moisture and HTL
degradation effects. Nevertheless, the requirement for multi-
layer encapsulation and the high cost of the HTL material also
resulted in extra expenses.

Although the device is protected from moisture and light by
carbon electrodes, organic HTLs still degrade significantly, and
the most stable carbon based devices reported in the literature
are typically HTL-free. This is due to the intrinsic stability
issues associated with organic HTLs. Passatorntaschakorn
et al. fabricated HTL free, carbon-electrode PSCs that achieved
a maximum PCE of 11.09% and retained 73% of their initial
efficiency after about 20232 h under ambient ISOS-D1 (B25 1C,
35–45% RH).295 In comparison, Spiro-OMeTAD based-devices
with 13.95% of initial PCE retained only 40% PCE over the
same period in the same test.

To overcome the hole extraction barrier associated with HTL
free devices, Lin et al. developed a 1D/3D heterojunction by
incorporating thiocholine iodide derived TchPbI3 at the surface
of CsPbI3.296 Their optimized devices achieved a certified PCE
of 18.7% and retained over 90% of their initial efficiency after
300 hours of continuous maximum power point tracking (1 sun
exposure) under inert conditions. This strategy also shows
potential for outdoor deployment. Selvakumar Pitchaiya et al.
demonstrated that HTLfree, carbon electrode PSCs retained
more than 80% of their initial PCE after 50 days (approximately
1200 hours) of outdoor exposure.297 Likewise, Siram et al.
reported that fully inorganic CsPbBr3 unencapsulated devices
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using a carbon nanotubes (CNT)/perylene diimide (PDI) back
contact, without any HTL, lost less than 30% of their initial
performance after approximately 6 weeks of outdoor testing in
desert weather conditions.263

Despite their excellent stability, HTL free devices usually
have lower efficiency because of less hole extraction. Alterna-
tively, inorganic HTLs like CuSCN and NiOx can be used. Unlike
Spiro-OMeTAD and PTAA, which degrade at about 85 1C, these
materials can withstand thermal and photo-oxidative degrada-
tion up to 100 1C.298–301 Long-term stability is enhanced by
their nonhygroscopic nature, which inhibits ion migration and
moisture-induced film swelling.263,302,303 Zhang et al. carried
out a large-scale study, which included over 7000 PSCs, demon-
strating that simply swapping out organic HTLs for carbon
electrodes increased normalized device lifetime by 4.2 times.105

Stability was increased around 7.2 times by adding an inorganic
HTL below the carbon contact. When compared to organic
HTLs, inorganic HTLs alone (without carbon electrode) provided a
1.8-fold increase in TS80m values, indicating that they may be able to
strike a balance between stability and hole extraction. Wu et al.
demonstrated that a CuSCN and carbon nanotube bilayer
improved the open-circuit-voltage from 0.85 V to 1.01 V and fill
factor from 0.60 to 0.73, resulting in a champion PCE of 17.58%.
These devices maintained approximately 80% of their initial per-
formance after 1000 hours of continuous one-sun illumination
under an inert atmosphere.304

Unlike organic HTLs, inorganic HTLs such as NiOx and
CuSCN usually offer higher stability but often suffer from
incomplete coverage, high surface roughness or low hole
mobility, even with careful synthesis and interface
engineering.305–307 These morphological defects are conducive
to interfacial recombination, reducing the PCE compared to
organic HTLs, which spontaneously form a thin, smooth, high-
hole mobility film. For instance, mesoporous or nanoparticle-
based NiOx films require optimization,308 particularly in terms
of thickness, doping, and nanoparticle dispersion, to minimize
voids and achieve the improved efficiencies reported for elec-
trochemically deposited NiOx and dopant or additives modified
NiOx.309,310 Likewise, CuSCN-based devices typically achieve
efficiencies of B15–16% PCE but with interface passivation
(i.e., (3-Mercaptopropyl)trimethoxysilane (MPTMS)), improved
efficiencies can surpass 20%.311,312 Thus, while inorganic HTLs
can be more stable, the quality of the organic HTLs in as-
fabricated films is better, unless further engineering on the
inorganic HTLs is undertaken.

Despite the mentioned advances in HTLs, eliminating the
HTL layer offers several advantages. It enables ambient, low-
temperature processing, removes the need for controlled-atmo-
sphere HTL deposition and dopant incorporation, and avoids
high-temperature annealing steps. Passatorntaschakorn et al.
reported that this simplification improved reproducibility and
reduced module material costs by approximately 97% com-
pared to HTL based workflows.295 Carbon paste electrodes cost
only $0.01 per gram, about 1.4% the price of silver, leading to a
69.7% reduction in perovskite module material costs compared
to noble metal based devices.313 Projections from techno-

economic modeling indicate that HTL-free, carbon electrode
PSCs could achieve manufacturing costs as low as $22.70 per
m2 in large-scale production, highlighting their potential for
cost effective, high throughput commercial production.314

3.2. Influence of device architecture on stability

The mainstream device architecture used in the field of per-
ovskite solar cells are n–i–p and p–i–n, which differ in the order
of stacking the layers: in the former, sunlight first goes through
the ETL before reaching the perovskite absorber while in the
latter it first goes through the HTL. In the n–i–p architecture,
instability issues related to the use of Spiro-OMeTAD have been
frequently mentioned, although big-data driven investigation
have shown that in general, and not being limited to outdoor
stability results, n–i–p devices have shown slightly higher over-
all stability.105 In this sense, it is interesting to compare these
tendencies exclusively in the outdoor stability landscape. Addi-
tionally, the mesoscopic carbon architecture is considered, due
to its considerably different approach to fabrication: the trans-
port layers and/or the carbon back electrode are deposited first
followed by an infiltration of the perovskite absorber. This
architecture is particularly remarkable since the earliest results
of relatively high outdoor stability were attained following this
configuration.44,266

Fig. 4c shows a box plot comparing the outdoor stability
results of the mentioned architectures across all the papers
reviewed in this work which explicitly showed outdoor evalua-
tion, in which the insets correspond to the average stability
time. It is important to note that more papers were considered
here than the ones previously shown in this section, since the
discussion was limited to works in which the fabrication
strategy was the focus for a richer overview of such strategies.
The distinction between T70–T85 and T90 or higher is made to
facilitate the comparison between the results, as the reported
values were not standardized to a benchmark parameter. A total
of 50 reports were considered, of which 27 (54%), 18 (36%) and
5 (10%) employ the n–i–p, p–i–n and mesoscopic carbon
architectures, respectively. From those works using the n–i–p
architecture, 20 (74.07%) reported a T70–T85 while 7 (25.93%)
reported a T90 or higher. For the p–i–n and mesoscopic carbon
architectures these numbers correspond to 11 (61.11%) and 7
(38.89%), and 2 (40%) and 3 (60%), respectively. In agreement
with the general tendencies in perovskite photovoltaic research,
most outdoor stability results correspond to n–i–p devices,
followed by p–i–n and mesoscopic carbon. Except for the
mesoscopic carbon architecture, in most works an outdoor
stability corresponding to T70–T85 has been reported, although
in recent years improvements in stability have led to a higher
ratio of reports of T90 or higher, e.g., in Fig. 4b most of the
reported stability times in 2023 and 2025 are T90 or higher. In
terms of T70–T85, a higher average of 7972.5 h has been
achieved in p–i–n devices, followed by n–i–p (1106.1 h) and
mesoscopic carbon (875 h). In the case of T90 or higher, the
highest average of 2553. 14 h was achieved with n–i–p archi-
tecture, followed by p–i–n (2041.71 h) and mesoscopic carbon
(998 h). Nonetheless, the discrepancy in number of reports and
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time of evaluation makes the comparison of averages elusive
and instead looking at the best result from each architecture
shines light onto their viability for stable real-world operation.
In terms of T70–T85, comparable outdoor stability times of
8400 h261 and 35040 h46 have been achieved in n–i–p and
p–i–n architectures, respectively, while mesoscopic carbon lags
with a maximum value of 1200 h. As for T90 or higher, the p–i–n
architectures comes on top with a maximum outdoor stability
time of 4870 h,93 followed by n–i–p with 4032 h181 and meso-
scopic carbon with 2250 h.264 In general, this hints to higher
attained outdoor stability for the p–i–n architecture, although
in general this shows a promising landscape of durable devices
regardless of architecture.

Fig. 4d shows an overview of the retained PCE as a function
of the stability time of all the reviewed reports that explicitly
showed outdoor evaluation, in which the bulk of results are
concentrated in times below 4000 h and those displaying the
longest time for each architecture (highlighted as a star) follow
the same trend as the T90 or higher discussed above: p–i–n 4
n–i–p 4 mesoscopic carbon. Furthermore, for both n–i–p and
p–i–n architectures, the longest outdoor stability periods with-
out any performance loss were achieved in 2023 and 2024,
further corroborating the recent trend. Interestingly, only
10 of the reports considered here (shown as hollow data points
in Fig. 4d) are found as entries in the Perovskite Database,
pointing to a lack of willingness in the community to update
this valuable resource. Having centralized access to up-to-date
outdoor stability data is key to keeping track of progress in the
field and possibly facilitate collaboration between different
research groups in the world, and thus it is highly encouraged
for following investigations to update the database.

4. Additional strategies for stable
device operation under real world
operating conditions

When discussing the stable operation of both, PSCs and
perovskite solar modules (PSMs) under real-world conditions,
it refers to maintaining the device’s stability while operating
under illumination, with a working load/bias, and within the
specific environmental conditions of its deployment.60 As high-
lighted in previous sections, various strategies exist to enhance
the intrinsic stability of PSCs. However, other processes are
essential to further improve device performance and durability.
Both small-scale lab cells and large-area PSMs are vulnerable to
harsh outdoor conditions without proper encapsulation, a
critical requirement for any commercial technology.94,315,316

Moreover, several strategies can be employed to optimize device
operation, as indicated in Fig. 5, and discussed below.

4.1. Device interconnection and design

The first strategy includes device interconnection and design,
which is crucial for controlling current and voltage output of
large-area devices,315,317 which can be done by modulating
series and parallel connection modes. Gao et al.318

demonstrated that, for four PSCs with an active area of
6.12 cm2, the most effective way to maximize output power in
PSM was to first connect two pairs of cells in series and then
interconnecting them in parallel. This type of design is espe-
cially relevant for scaling up, as electrical interconnection
becomes mandatory in large-area modules. In this context,
the PSM interconnection design is based on three steps known
as P1, P2 and P3, which are essential to ensure efficient and
stable operation; these steps are typically carried out by laser
ablation.319,320 P1 consists of the removal of the transparent
conducting oxide (TCO), such as indium tin oxide (ITO) or
fluorine-doped tin oxide (FTO), directly on the substrate, in
order to electrically isolate the subcells and avoid lateral short
circuits. P2 is the most critical process, as it allows the electrical
series connection between subcells by carefully removing the
top layers such as HTL, PVKT and ETL without damaging the
TCO, that is, this connection allows current to flow from the
back contact of one cell to the TCO of the next, achieving a
series interconnection that sums the voltage of each subcell. By
removing the top layers of the stack, the TCO is exposed,
allowing the back contact of the adjacent cell to be deposited
directly on it, forming an ohmic connection that ensures
efficient charge transfer. However, poor execution of P2 can
cause damage to the TCO or incomplete contacts, increasing
the series resistance or inducing the appearance of short
circuits. Finally, P3 is responsible for isolating the subcells
present in the device.319–322

Now, under real-world operating conditions, one of the
main limitations faced by PSMs is the phenomenon of reverse
bias.323 This occurs when one or more series-connected cells
are partially or fully shaded, generating an inverse voltage that
intensifies ionic migration processes. That is, when a configu-
ration is in series, all cells share the same current and when
one of them is shaded, the others force the current through it,
generating a reverse potential. This charge redistribution
generates an electric field that favors the movement of mobile
ions such as I�, MA+, or FA+ from the bulk to the interfaces,
promoting undesirable reactions, vacancy formation, tunnel-
ing phenomena, and delamination, ultimately leading to
partial or irreversible degradation of the device.324 With a
short polarization duration, reverse polarization degradation
is partially recoverable through the redistribution of migrated
ions. When polarization is prolonged or repeated, the degra-
dation gradually becomes irreversible, involving I� oxidation
by injected holes.52 In summary, the combination of localized
charges, reverse voltages, and accelerated ionic transport in
series/parallel configurations under realistic conditions can
trigger chemical degradation processes both at the interfaces
and in the active volume of the cell.162 This phenomenon is
frequently observed in series-connected configurations, espe-
cially in outdoor-tested minimodules, where variable environ-
mental conditions such as shading, dust, or intrinsic defects
cause cells to operate asynchronously, resulting in hot-spot
formation, localized overheating, and energy loss.237,325–328 A
representative example of this configuration has
been reported in large area perovskite solar panels (PSPs)
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with an area of 0.5 m2, composed of minimodules with 10 series-
connected cells, arranged in 5 parallel strings, each consisting of
8 modules in series, totaling 40 PSMs per panel.325

To address these challenges, various mitigation strategies
have been proposed, such as the use of ion-blocking layers like
doped NiOx, Al2O3, or self-assembled monolayers (SAMs),
which limit ionic movement toward sensitive interfaces,329–332

reducing mobile ionic defects through compositional engineer-
ing; and incorporating bypass diodes to protect shaded cells.
However, the implementation of bypass diodes can increase
system costs, particularly in PSCs, which have lower break-
down voltages compared to conventional photovoltaic tech-
nologies. In this context, carbon-based PSMs have shown
promise as a robust solution. Recent studies report that these
modules can withstand reverse voltages of up to �9 V, passing
the hot-spot test defined by the IEC 61215-2: 2016 standard
without efficiency loss, highlighting their potential for indus-
trialization and suitability for large-scale applications.333

Table 2 below summarizes the main structural and design
strategies employed to mitigate ionic migration induced by
reverse bias.

4.2. Protective and functional layers

To maximize power generation, it is important both to main-
tain stable performance and to have the maximum PCE possi-
ble. As previously discussed, it can be achieved by different
strategies for the cell stack, but it can also be done after the
PSM is fabricated. Specifically, it is possible to incorporate
protective and functional layers such as anti-reflective,335–338

self-cleaning338,339 and UV-absorbing coatings.340,341 For
instance, super-hydrophilic antireflection (AR) films coated
on photovoltaic glass have been demonstrated to significantly
improve solar transmittance across broadband wavelengths
(380–1100 nm), thereby boosting efficiency.342 However, while
AR films enhance optical performance,335,337 they do not inherently
improve device stability.341,343–345 Currently, anti-reflective films
have been applied to 90% of commercial solar panels.346,347

Commonly used materials to fabricate antireflection films include
magnesium fluoride (MgF2),348,349 zinc oxide (ZnO),350,351 silicon
oxide (SiO2),352–355 titanium oxide (TiO2),356,357 aluminum oxide
(Al2O3)358 and polydimethylsiloxane (PDMS),337 etc. Among these,
the most widely used is SiO2, due to its low price and good chemical
stability. It is often used for the preparation of anti-reflection films

Fig. 5 Schematic process line illustrating other strategies to enhance the long-term stability and performance of PSCs under real-world operating
conditions. These strategies include: (1) optimized device interconnection designs, such as parallel or series configurations enabled by P1–P2–P3 laser
patterning and contacts (e.g., Silver); (2) functional surface modifications, including self-cleaning and antireflective coatings composed of materials (e.g.,
MgF2, SnO2, Al2O3, or PDMS) that also improve light harvesting; and (3) encapsulation using barrier materials (e.g., PIB, EVA, PDMS, POE, TPU, or epoxy
resins) to protect the device from moisture (H2O) and oxygen (O2) access.
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by a simple and controllable sol–gel method. In this same context,
to further improve optical efficiency, researchers have explored the
use of nanostructures, such as nanocones338,359 made from the
materials like MgF2, ZnO, SiO2, TiO2, Al2O3 or PDMS, which
represent a promising solution for reducing reflection losses. These
structures allow the generation of a refractive index (RI) gradient at
the air-solid interface, effectively reducing surface reflection.359,360

Looking ahead, future challenges of these protective and
functional layers will involve optimizing integration during
labscale production, while ensuring cost-effectiveness. The
development of new materials or hybrid coatings with multi-
functional properties, such as combining anti-reflective, self-
cleaning, and UV-absorbing capabilities, could provide more
holistic solutions. Overcoming these challenges will be crucial
for the continued advancement of PSM and its successful
integration into large-scale renewable energy systems.

4.3. Encapsulation

Encapsulation is essential for protecting PSCs from environ-
mental stressors such as moisture, oxygen, and UV radiation.
Materials used for encapsulation must meet several criteria:
chemical inertness, high light transmittance (490%), low
water vapor transmission rate (WVTR) between 10�3 and 10�6

gm�2 day, low oxygen transmission rate (OTR) between 10�3

and 10�5 g m�2 day, high electrical resistivity, and mechanical
durability.31,95,172,284,361,362 In addition, functional carbon elec-
trodes or carbon-based layers can serve not only as conductive
elements but also as protective barriers or encapsulants, resist-
ing moisture and oxygen ingress and thus enhancing device
stability.363–365 These carbon layers can reduce the influence of
the external factors and degradation pathways, further support-
ing the long-term operation of perovskite solar cells in real-
world conditions. On the other hand, traditional encapsulants
like ethylene vinyl acetate (EVA) for glass-to-glass encapsula-
tion, commonly used in silicon solar cells, require lamination
temperatures around 150 1C and are prone to optical degrada-
tion, delamination and acetic acid formation, making them
unsuitable for PSCs.94,361,366 Therefore, alternatives to EVA
exist, such as ionomers,42,367 polyurethane264 or polyolefins
(POE).94,264 Even though EVA has been used for encapsulation

of PSM and panels,29,368 the reduction of the processing
temperature to values around 85 1C does not allow proper cross
linking, leading to premature moisture and oxygen interaction
with the devices.325 Also, for rigid devices, glass-to-glass encap-
sulation with UV-curable polymers has proven effective. Speci-
fically epoxies, widely used in the industry, exhibit good
moisture resistance and studies have demonstrated the stabi-
lity of UV-epoxy-cured devices in the range of 500 to 2000 h of
outdoor exposure.237,369 However, it has been determined that
the exothermic curing process of UV-curable epoxy resins can
damage cells due to their mechanical rigidity and thermal
stress,361 they are also prone to aging and yellowing370 and
they may be also susceptible to delamination at elevated
temperatures.33 To mitigate these effects, polyvinylpyrrolidone
(PVP) interlayers have been implemented.315 For the case of
flexible devices, using polymeric substrates such as polyethy-
lene terephthalate (PET), polyethylene naphthalate (PEN) and
polyimide (PI), the encapsulation materials require high ducti-
lity and compatibility with roll-to-roll fabrication processes.
Thermal load during encapsulation must also be carefully
managed to avoid damaging organic substrates.361 Promising
alternatives include solution-based poly(methyl methacrylate)/
styrene-butadiene (PMMA/SB) bilayer structures, which
are cost-effective and scalable for both rigid and flexible
devices.26

Other materials, such as thermally evaporated MgF2 or
MoO3�x capping layers, combined with glass and UV-curable
polymers, have shown excellent encapsulation performance.371

Recent advancements in encapsulation materials include the
use of thermoplastic polyurethanes (TPUs), which stand out for
their high thermal stability, scalability, and flexibility.372 In
addition, TPUs have good chemical inertia against environ-
mental agents such as moisture, oxygen and UV radiation,
preventing the degradation of perovskites to PbI2 and thus
improving device stability.370 For example, polyether based
TPUs are preferred for moisture exposure applications, since
they offer greater hydrolysis resistance. However, at high tem-
peratures, these materials may suffer oxidation, which causes
yellowing and loss of mechanical properties. Similarly, pro-
longed exposure to UV radiation degrades the material and

Table 2 Different strategies employed to mitigate reverse polarization-induced ion migration

Configuration/
modification Blocking material Evaluated conditions Results Ref. (DOI)

PSCs with series inter-
connection and bypass
diode

Bypass diode + carbon �9 V, 1 week (IEC 61215–2) Without loss of efficiency 333

PSCs with doped NiOx layer NiOx (e.g. Cu:NiOx,
Ag:NiOx)

Reverse bias, thermal
stress

Reduction of ionic accumula-
tion, enhanced thermal
stability

331

PSCs with SAM on SnO2 Self-assembled monolayer Leakage current and J–V
measurement

Partial suppression of ion
migration

334

PSCs with ultrathin Al2O3

ALD
Al2O3 Thermal + electrical stress

(MPPT, 85 1C, 85%
Hindered I� and MA+ migra-
tion, improved interfacial
stability

332

PSCs with secure inter-
connection and appro-
priate encapsulation

Encapsulated + POE + PIB Outdoor test, simulated
partial shade

Sustained stability for 10
months

284
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hinders encapsulation.370 TPUs are formed by cross-linking
polyether polyols (e.g., polypropylene glycol (PPG) and poly-
ethylene glycol (PEG)) with isocyanates (e.g., isophorone diiso-
cyanate (IPDI) and toluene diisocyanate (TDI)). These materials
are highly tunable, making them suitable for diverse applica-
tions, including PSCs encapsulation.373 Butyl rubber-based
polymers, such as polyisobutylene (PIB) has been validated as
an effective material for both primary encapsulation and edge
sealing because of its efficient moisture barrier properties33

achieved by its low water permeability and stability in acceler-
ated aging tests.33 In this context, edge sealants play a crucial
role in preventing delamination and cracking at the encapsu-
lant edges, ensuring the long-term structural integrity of the
device. The use of PIB as edge sealant with desiccant materials
to prevent moisture and oxygen ingress, combined with poly-
olefins (POE) films for mechanical stability has demonstrated
to be a good strategy, inspired by commercial CIGS module
encapsulation, as it has demonstrated excellent outdoor stabi-
lity (ISOS-O3) when compared to typical encapsulation using
UV curable epoxies, as they were able remaining stable for over
10 months.284 This effectiveness is largely due to the careful
selection of materials, where the selection of the edge sealant is
due to its low water vapor transmission rate (WVTR) and low
glass transition temperature (Tg),94 making it compatible with
mechanical stresses induced by extreme weather conditions.374

Additionally, POE films have excellent adhesion, water resis-
tance and Young’s modulus of 8 MPa (mechanical property that
measures the stiffness of a material, that is, its ability to resist
elastic deformation under an applied load), contributing to
mechanical stability.42 However, their application requires
temperatures above 80 1C, which could compromise the struc-
tural integrity of the device.315 Furthermore, POE’s high volu-
metric resistivity (Z1017 O cm at 23 1C) minimizes the risk of
potential-induced degradation, thus prolonging the device
lifetime.361 In general, materials such as polyisobutylene (PIB)
and polyolefins (POE) not only offer a high barrier to the
permeation of water and oxygen vapor, but also have chemical
inertia, which allows them to avoid reactions with volatile
species such as HI or MAI, which can be released from bulk
in conditions of thermal stress. This inertia makes them
excellent candidates for sealing edges and encapsulant. In
addition, their high volumetric resistivity and low vitreous
transition temperature allows them to mechanically adapt to
real environmental conditions without compromising struc-
tural integrity.

Other materials have been extensively studied and employed
in the encapsulation of PSCs, standing out for their effective-
ness as moisture barriers, compatibility with devices, and ease
of processing. Among them, polydimethylsiloxane (PDMS) has
demonstrated high hydrophobicity and flexibility, contributing
to extending PSCs stability up to 3000 hours.315 In general
terms, hydrophobic materials such as PDMS and TPU are
advantageous in applications where environmental exposure
to moisture is critical. Its repellent water surfaces limit the
adsorption and dissemination of H2O, which reduces the
probability of decomposition reactions driven by hydrolysis.

These properties, combined with their mechanical adaptability,
make them suitable candidates for flexible substrates in out-
door environments. For applications requiring superior ther-
mal and chemical stability, silicones and glass frits have been
used as alternative encapsulation solutions.316 Overall, the
combination of encapsulants such as POE or PU with edge
sealants like PIB or epoxies has proven to be an effective
strategy to enhance the durability and reliability of PSCs,
providing increased protection against environmental factors
and ensuring long-term stability.33 In fact, recent studies have
reported operating times exceeding one year under real-world
conditions, using POE as the encapsulant and PIB as the edge
sealant, confirming the technical feasibility of this combi-
nation for long-lasting photovoltaic applications.375

The encapsulation process itself is critical to ensure their
stability and durability under real operating conditions, as can
be done with and without vacuum assistance. It is commonly
carried out in a vacuum laminator, which removes the air and
prevents the formation of air bubbles inside the device. This
approach is compatible with industrial processes and allows for
homogeneous fusion and curing of both the barrier films, i.e.
POE, PIB and ionomers,94,284,376 ensuring uniform and effective
protection barrier against moisture and oxygen.377 As POE films
are polymers that require a high-temperature cross-linking
process, depending on the vacuum used, they can be incompa-
tible with the thermal sensitivity of MAPI-based PSCs. In
contrast, ionomers can be processed at lower temperatures,
as their cross-links are formed through ionic interactions.378

However, these ionomers present additional challenges, such
as poor adhesion to glass surfaces. To reduce water perme-
ability and improve adhesion in the encapsulation, the use of
the previously mentioned edge sealants based on PIB filled with
edge desiccant is recommended,121 which offer a low water
vapor transmission rate (WVTR) and a low glass transition
temperature.374 PIB can be processed at a lower temperature
than ionomers or POE. However, it has been observed that
configurations combining POE with edge sealants can suffer
from delamination under thermal cycling, highlighting the
importance of optimizing processing conditions.377 In conclu-
sion, the selection of the encapsulant should consider a combi-
nation of moisture and oxygen barrier, mechanical strength,
and thermal compatibility, avoiding processing temperatures
that may compromise the integrity of the perovskite material
and is still under continuous investigations. To provide a
clearer comparison of the encapsulation strategies discussed,
Table 3 summarizes key materials used for both edge sealing
and primary encapsulation in perovskite solar cells. It high-
lights their main advantages, limitations, type of solar cell
substrates tested, and suitability for real-world operating
conditions.

In conclusion, encapsulation remains one of the most
critical steps to achieve long-term stability of PSCs outdoors.
Among the strategies evaluated, the combination of polyolefins
(POE) as the primary encapsulant and polyisobutylene (PIB) as
the edge sealant has proven to be one of the most efficient
solutions. This is attributed to its excellent moisture barrier
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properties, mechanical flexibility, and chemical stability, which
together help mitigate environmental degradation mechanisms
such as delamination, oxygen ingress, and moisture diffusion.
However, challenges such as high processing temperatures (in
the case of POE) and poor adhesion of certain ionomers to glass
remain obstacles to its large-scale implementation. Future
efforts should focus on improving material compatibility, redu-
cing curing temperatures, and developing industrial-scale
encapsulation techniques (e.g., vacuum lamination) that pre-
serve device integrity.

Due to the absence of standardized test conditions, compar-
ing the performance of the various encapsulation materials
reported in literature remains a challenge. To address this, it is
essential to establish unified evaluation protocols that reflect
real-world (outdoor) operating environments and consider key
variables such as device configuration, climate exposure, and
mechanical stress. Advancing in this direction will not only
enable more meaningful comparisons but also accelerate the
development of durable and commercially viable PSCs. In this
context, the Photovoltaic Accelerator for Commercializing
Technologies (PACT) at Sandia National Laboratories379 plays
a pivotal role by conducting outdoor field testing, validating
performance metrics, and promoting the creation of test stan-
dards aimed at accurately assessing field behavior and predict-
ing long-term degradation. In the following section, we review
the main advances in characterization of PSCs under real-world
operating conditions.

5. Comprehensive characterization of
PSCs under real-world operating
conditions
5.1. Standard protocols and key parameters for outdoor
testing

Device performance can be evaluated in a controlled laboratory
(indoor) or under natural sunlight (outdoors) conditions, allow-
ing for direct comparisons of device behavior under specific
conditions like Standard Test Conditions (STC, irradiance of
1000 W m�2 and cell temperature of 25 1C). However, to better
assess the impact of real-world environmental factors on per-
formance, additional power rating conditions (PRCs) are
recommended (IEC 61215-1-1, 2016; IEC 61215-2, 2016; IEC
61853-1, 2011). These include Nominal Operating Cell Tem-
perature (NOCT: 800 W m�2, 20 1C ambient temperature), Low-
Irradiance Condition (LIC: 200 W m�2, 25 1C cell temperature),
High-Temperature Condition (HTC: 1000 W m�2, 75 1C cell
temperature), and Low-Temperature Condition (LTC: 500 W
m�2, 15 1C cell temperature). Additionally, thermal perfor-
mance tests are conducted beyond electrical measurements to
comprehensively characterize photovoltaic devices, including
solar cells, sub-assembly of cells, and PV modules. Therefore,
the instrumentation, infrastructure, test duration, and estima-
tion procedures may vary significantly between indoor and
outdoor testing settings.

For indoor testing, the primary light source is the solar
simulator, allowing control over the irradiance level. In con-
trast, the device’s temperature can be externally controlled to
reach the target temperature. As a result, a complete character-
ization is carried out, including performance and temperature
coefficients.381 On the other hand, achieving performance
reproducibility in natural sunlight is challenging. First, there
is no control over the irradiance level; it varies depending on
the presence of clouds, haze, smoke, and seasonal changes.
Second, keeping consistent operating conditions as PRCs to
ensure similar temperature and irradiance levels during expo-
sure is difficult. Third, depending on the location, different
operating conditions may arise throughout the year due to
seasonal variations.382 Thus, the PRCs cannot be measured
during exposure or may not be the most representative condi-
tions concerning location. This leads to uncertainty in the
exposure duration because there is no solid knowledge
about the time necessary to measure data that is considered
statistically reliable. Moreover, additional uncertainty could be
derived from additional elements used for outdoor testing such
as tracker mechanisms, the equipment used to measure the
performance (accuracy, sampling time, etc.), and data proces-
sing to estimate performance.383,384 Therefore, the instrumen-
tation, equipment, and data processing for outdoor tests may
differ from those used indoors to ensure reproducible tests.

To fully characterize PV devices, it is necessary to evaluate
the impact of temperature variations throughout the months
(seasonal behavior) on their performance. The effect of tem-
perature on PV devices is mainly considered through the
thermal coefficients (TCs) for maximum power (Pmax), open
circuit voltage (Voc), and short circuit current (Isc). These are
typically estimated as the slope of the linear regression of the
processed I–V curve data as a function of device temperature
ranging between 25 and 65 Celsius degrees (1C). TCs could be
sensitive to solar simulator spectral distribution depending on
PV technology (temperature-dependent spectral mismatch),
requiring a spectral correction. In contrast, under natural sun-
light, spectral correction is unnecessary385 (IEC 60891 Ed. 3.0
b:2021, 2021). Accordingly, the impact of irradiance and tem-
perature on the performance of the PV device under test must
be measured during the evaluation time or extrapolated to
complete the characterization of any PV technology. Therefore,
the estimation of TCs and the I–V curve adjustment procedures
play a prominent role in significantly reducing the exposure
time of outdoor tests by correcting the performance at PRCs or
target conditions.386

It is noted that TCs show an irradiance dependence in the
case of inefficient or older PV silicon devices. In contrast,
efficient and stable devices show an almost constant behavior
with irradiance.387 In the case of PSCs, the influence of tem-
perature on the performance of perovskite minimodules have
exhibited nonlinear behavior, improving performance at high
irradiance levels, highlighting a remarkable competitive aspect
in contrast to silicon technology.369 This fascinating and posi-
tive effect of temperature on performance was also observed in
modules, highlighting an inherent property of the technology
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that could be exploited for energy production.325 However, a
strong dependence of TCs on the architecture and quality of
devices was observed and interpreted due to ion migration and
accumulation at interfaces.388

Accordingly, an outdoor performance characterization test
requires an encapsulated device to withstand harsh conditions.
Encapsulation protects the devices by improving their thermal
and mechanical properties under IEC 61215 tests,389 such as
thermal cycling and/or damp heat, while also enhancing elec-
trical insulation, reducing extrinsic degradation processes,
and extending their lifetime.95 Few studies of encapsulated
modules or devices with interconnected cells have been
reported for perovskite solar cells. In contrast, most studies

focus on individual solar cells, even performing tests to comply
with international standards such as IEC 61215.35 In this
context, the fact that small devices can pass some of these
tests is insufficient to guarantee successful performance in a
large module or interconnected device, since the fabrication
and encapsulation processes demonstrated at the cell level
cannot necessarily be extrapolated to modules, as scaling
introduces additional challenges.316

It is worth noting that the standard IEC 61215 is intended to
qualify PV modules, considering several tests to detect the most
common defects (cell cracks and hotspots) and sources of
degradation (discoloration, delamination, corrosion, breakage,
etc.) observed in commercial PV technologies.390 Moreover,

Table 3 Summary of encapsulant materials for PSCs, their performance under real-world conditions, and recommended applications

Material

Compatibility
with
perovskite

PSCs
tested
under real
conditions Advantages Limitations

Type of
substrate Ref.

Ethylene Vinyl Acetate (EVA) No No Economical and widely used for
traditional technology

Prone to optical degradation,
delamination, and acetic acid
formation. Requires high tem-
perature lamination that
degrades the perovskite

Rigid 94
and
361

Thermoplastic Polyurethane
(TPU)

Yes Yes High thermal stability, light-
weight, processable

Still in large-scale validation Rigid and
flexible

264,
370
and
373

Polyolefins (POE) Yes Yes Good adhesion, high resistivity,
flexible

Curing temperatures 480 1C Rigid and
flexible

94,
264
and
373

Polyisobutylene (PIB) Yes Yes Low WVTR, good adhesion,
flexible

May delaminate under thermal
cycling if not optimized

Rigid and
flexible

33
and
370

Ionomers No Partiala Processable at low temperatures,
moderate performance

Poor adhesion to glass Flexible 42
and
367

Epoxy resins UV curable No Partiala Good resistance to humidity Susceptible to damage from exo-
thermic curing (thermal stress
and stiffening), release of volatile
compounds and delamination at
high temperatures

Rigid 26,
370
and
380

Bilayer (PMMA/SB) Yes Yes High stability under real-world
conditions, corrosion and water
resistance, good adhesion to
substrates, and can be applied
via a simple and cost-effective
solution-based process, without
the need for complex techniques
such as ALD or UV/thermal
curing

It requires considerable thick-
ness (410 mm), which can affect
flexibility; in addition, the sol-
vent in the SB layer can damage
the Transport Layers

Rigid and
flexible

26

Combined (PIB + POE) Yes Yes High barrier against moisture
and oxygen, excellent adhesion,
good mechanical stability, high
electrical resistivity, and out-
standing durability under real-
world operating conditions

Use of processing temperatures
above 80 1C for POE may com-
promise the integrity of some
perovskites and has a risk of
delamination during prolonged
thermal cycling

Rigid and
possibility
flexible

372

Multilayer (Polyvinyl chloride
belt/silicone/barrier foil/UV
adhesive/perovskite carbon
module/UV adhesive/barrier foil/
double sided tape/polycarbonate
sheet)

Yes Yes Flexibility for curved surfaces and
provides mechanical robustness
against harsh environmental
conditions

Initial efficiency drops due to
repeated bending and suscep-
tible to surface soiling

Flexible 261

a Partial: These materials have been implemented or evaluated under real-life operating conditions; however, they have limitations in terms of
adhesion, chemical stability, and resistance to moisture and oxygen. Therefore, they require improvements to be implemented under outdoor
operating conditions.
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because the qualification testing of the standard does not
consider all failure mechanisms that can occur outdoors, it is
impossible to predict or ensure the lifetime of devices from
these tests.33,391

In this regard, PV devices’ performance evolution over time
is characterized by the well-known degradation rate parameter,
providing information related to the performance losses per
year, allowing estimation of the energy production and leve-
lized cost of energy (LCOE). A degradation rate of 0.55%/year is
associated with a 25-year lifetime of mature PV technologies
such as silicon, which are optimized to withstand outdoor
conditions. Nevertheless, the degradation rate depends on
various factors, including weather conditions, installation pro-
cesses, mounting configuration, maintenance guidelines, sys-
tem operation (inverter operation, clipping, sizing, etc.), and
initial PV device performance stabilization (especially for thin-
film modules). Therefore, at least a few years of performance
data are required to observe longer-term trends and estimate
accurate values.392,393 This fact is a critical issue for perovskite
photovoltaic technology because most outdoor reports consider
months of data, as previously shown in Fig. 1. Therefore, it is
not easy to decouple outdoor performance from seasonal
weather conditions. However, the degradation patterns or
degradation shapes of performance curves observed for silicon
technology394 have been also observed in long-term outdoor
tests (months) of PSCs, suggesting that similar degradation
models such as linear, concave, and convex can be used to
estimate lifetime and correlated with important parameters
such as the ideality factor to elucidate the degradation or
failure modes.69,395

Regarding long-term tests, the perovskite community has
adopted the International Summit on Organic Photovoltaic
Stability (ISOS) protocols, which suggest three procedures for
outdoor testing.34 ISOS-O1 suggests keeping the device at Voc or
maximum power point (MPP). ISOS-O-2 suggests additionally
measuring I–V curves under natural sunlight. ISOS-O-3 suggests
keeping the device under MPP and measuring the I–V curve
outdoors and indoors. Nevertheless, only one operative
point is observed during outdoor exposure (Voc or Pmax). Keep-
ing the device at Isc or Voc is known to negatively impact the
lifetime of PV devices,71 leading to a misinterpretation of
degradation mechanisms and, consequently, to unreliable sta-
bility assessments.168,395,396,403 In contrast, Pmax is the most
realistic operating condition for a PV device. However, this
operative point is hardly dependent on the implemented max-
imum power point tracking technique (hardware) and algo-
rithms (numerical method). Hence, various factors must be
optimized to ensure the accurate tracking of PV devices,
including hardware implementation, required parameters, con-
vergence, tracking speed, implementation complexity, and
efficiency, among others.99,404 Thus, differences in the behavior
and values of MPP are expected to be observed, depending on
the device used for tracking and the type of test (indoor or
outdoor).

Accordingly, various algorithms or techniques for tracking
the MPP have been proposed, with the most commonly used,

being Constant Voltage (CV), Perturb & Observe (P&O), and
Incremental Conductance (IC).396–398 CV typically sets the MPP
tracking (MPPT) value at a fixed percentage of the Voc values,
ranging between 65% and 85%. However, this value depends
on the weather conditions and the device under test. IC is one
of the highest-accuracy algorithms, relying on the real-time
estimation of derivatives (dI/dV) and step size, demanding
higher hardware resources. P&O is a straightforward algorithm
to implement, but it depends mainly on the perturbation step
size (large step sizes can reduce accuracy, and small step sizes
imply low speed), resulting commonly in drawbacks such as a
slow response under rapidly changing weather conditions and
oscillation problems around the MPP.399 This numerical stabi-
lity issue has also been observed in perovskite devices exhibit-
ing hysteresis.396,403

While conventional math-based MPPT algorithms perform
adequately under uniform irradiance conditions and can be
readily implemented in physical controllers due to their rela-
tively low complexity, their effectiveness could significantly
diminish under rapidly changing, non-uniform irradiation or
shading effects.390,400 Hence, it is expected that some algo-
rithms and hardware strategies implemented in MPPT control-
lers may perform properly for cell devices but improperly for
module devices, considering that partial shading on modules is
more common, producing multiple local MPPs on the power-
voltage curve, making it a challenging task that has been
overcome using algorithms based on Artificial Intelligence
(AI), soft computing, and data-driven algorithms for tracking
the true global MPP.398,410 Alternatively, strategies such as
optimizing the duty cycle perturbation and sampling rate,401

or employing galvanostatic approaches402 can be explored to
improve the effectiveness of MPPT, for instance, using the P&O
algorithm.

It is important to note that the ability of MPPT systems to
track the MPP of PV devices accurately depends not only on the
algorithm implemented but also on the design of the buck
converter (hardware). The converter must be appropriately
sized to enhance efficiency, considering the operating mode
(such as continuous conduction mode), the duty cycle (the
efficiency tends to decrease when the duty cycle is reduced),
etc. These parameters are linked to the quality and cost of the
MPPT converter.403 Herein, the application of real-time simula-
tion technology, such as Hardware-in-the-Loop (HIL),404 has
overcome the limitations of hardware and simulation techni-
ques as it allows for testing MPPT controllers as well as
adjusting model parameters.78 This results in a powerful tool
to design a MPPT controller considering the particularities of
PSC, such as hysteresis behavior, and evaluating the perfor-
mance stabilization behavior observed in perovskite devices
depending on the MPPT technique used to extract Pmax.405

Although several alternative strategies can be used or
adapted to improve MPPT efficacy, only a single operating
point can be monitored during the outdoor test. In contrast,
frequently tracing I–V curves of devices under outdoor test
enables the estimation of key performance parameters (Pmax,
Isc, Voc and FF) which can be correlated with weather variables
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(irradiance and temperatures) as suggested by IEC 61853. This
approach enables the consideration of seasonal effects, offering
valuable insights into performance degradation, estimating a
reliable degradation rate, and predicting device lifetime based
on statistically robust data to ensure test reproducibility.68

Furthermore, the outdoor test data can be processed to esti-
mate thermal characteristics (TCs),58 the impact of weather
conditions on performance based on the PRC (STC, NOCT, etc.),
to perform a proper comparison with other PSC architectures or
PV technologies,394 as well as for the diagnosis of faults. In
addition, due to the significant variability of hysteresis exhib-
ited by perovskite devices under different conditions of irradi-
ance and temperature,59 recording forward and reverse curves
during stability tests helps to study the hysteresis behavior and
gain insights into performance degradation.401

5.2. Infrastructure requirements for outdoor testing

The type of outdoor test determines the variables to be mon-
itored for a given PV technology. For instance, the energy rating
of PV modules (IEC 61853-3406), which is the energy output
(watt-hours) produced over a period of time as a function of the
climate profile (incident irradiance and device temperature)
under STC. However, this methodology does not consider
degradation mechanisms or transient behaviors. Additionally,
the accuracy of energy production estimation depends on the
sampling time of measurements and the procedure used to
track the MPP, as was mentioned. On the other hand, evaluat-
ing the impact of weather variables on PV performance (IEC
61853-1407) requires characterization under various ambient
conditions.

For a comprehensive evaluation of outdoor performance, a
dedicated infrastructure is required to monitor electrical and
environmental parameters. The essential components for accu-
rate and reliable measurements over time are outlined in Fig. 6.
A well-designed outdoor solar station allows correlation of
environmental variables and performance stability over time
under real stress conditions. This approach is essential for
assessing long-term stability and optimizing solar energy sys-
tems. Fig. S2 shows a real solar station designed in accordance
with the IEC recommendations presented in Fig. 6. This setup
is intended for evaluating and characterizing the performance
of PV devices and monitoring their evolution, including stabi-
lity studies, under natural sunlight without a solar tracker. To
ensure the reliability of the measurements, the components
must be calibrated and installed in accordance with regulations
(IEC 61215408). With respect to the test module, it must be
mounted in a coplanar arrangement with the irradiance sensor
(pyranometer or reference cell) at a distance of r 0.3 m away to
minimize measurement errors. Moreover, panel temperature
sensors must be positioned to various locations on the back of
the test module to allow for better measurement statistics and
to obtain the panel temperature measurement from multiple
regions. On the other hand, to prevent panel shading, wind
speed sensors should be placed at 0.7 m. This also ensures
reproducibility in the measurement of convective cooling by
wind. The inclination of the test modules should be optimized

to obtain maximum energy production. However, the inclina-
tion of the modules can be adjusted to facilitate maintenance
or to install solar tracking systems.

Fig. 6 illustrates a full outdoor test setup compliant with IEC
standards that include additional elements for the purpose of
monitoring both the weather parameters and device perfor-
mance. While advanced meteorological instruments, such as
anemometers, rainfall sensors, and snow sensors, may provide
valuable data for targeted analyses and fair comparisons
between different climate regimes, in most cases, the observa-
tion of a subset of the most critical environmental parameters
is sufficient. That is, solar irradiance, ambient and device
temperatures, and relative humidity afford the necessary infor-
mation for the analysis of degradation phenomena and the
association of performance loss with the corresponding envir-
onmental stress.37 These parameters are directly related to
dominant PSC degradation phenomena such as thermally
induced phase transitions, moisture-induced decomposition,
and light-activated ionic transport.139 Accordingly, for bench-
marking long-term outdoor stability, for example, a basic setup
focusing on the most critical parameters is most effective and
enables broader implementation of outdoor test protocols.
Advanced sensors may still be included in studies aiming to
investigate specific aspects of environmental influence or to
generate high-resolution performance prediction models. A
simplified setup is shown in Fig. S3 and described more
extensively in Note S2, which includes recommendations for
cost-effective choices in the selection of device components.

In addition, another important component in solar installa-
tions is the use of systems that track the sun’s path continu-
ously, optimizing incident radiation. This increases energy
production between 22% and 56% compared to fixed
installations.409 There are two main classifications for solar
tracking systems. Single-axis trackers are devices that enable
the tracking of the sun by rotating on a single axis, typically in
the east-west direction. Dual-axis trackers adjust in two direc-
tions to account for seasonal variations.

Energy efficiency depends not only on these systems, but
also on geographical location, weather conditions, and the
configuration of mechanical devices. However, solar tracking
systems have progressed significantly with the implementation
of artificial intelligence-based systems (AI). The use of real-time
weather data has helped to improve the accuracy of solar
trajectory prediction.410 The use of AI for monitoring purposes
has not yet been widely adopted for PSCs. The integration of
this technology has the potential to improve energy production
by increasing total incident radiation and influencing opera-
tional stability.

5.3. Bridging indoor testing and outdoor performance
prediction

For commercial solar technologies, accurate performance pre-
diction in photovoltaic (PV) devices under standard indoor
measuring conditions and translation to outdoor operation is
imperative. With this approach, there can be effective perfor-
mance assessment across diverse climatic environments and
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provides a sound basis for estimating operational reliability
and service lifetime. Establishing robust indoor–outdoor corre-
lations further streamline certification procedures, informs
warranty and financing frameworks, and enhances manufac-
turers’ confidence in the long-term field performance of photo-
voltaic modules.

5.3.1. Established modelling strategies in silicon photovol-
taics and their transferability to PSCs. For silicon PV technol-
ogy, numerous studies have been successful in developing
models for the estimation of long-term outdoor performance.
Aissa Meflah et al.411 for instance, proposed a procedure for the
estimation of the stability of outdoor performance by the two-
diode model and method of correction by irradiance (eqn (1)).
The model in calculating the panel output current uses eqn (1)
where Iph is the photocurrent; Irs1 and Irs2 are the two diodes’
reverse saturation currents, respectively. The contact loss is
included in Irs1, whereas recombination loss occurring at the
depletion region is denoted by Irs2. Vt1 and Vt2 are the thermal
voltages in the two diodes; Rs is the series resistance in
representation of the resistive loss occurring in the flow of
current through the material within the semiconductor and the
contact interconnections; Rsh is the shunt resistance account-
ing for leakage paths through the p–n junction describing the
presence of alternate unintended path of current; and n1 and n2

are the diodes’ ideality factors.

I ¼ Iph � Irs1 exp
V þ IRs

n1Vt1

� �
� 1

� �

� Irs2 exp
V þ IRs

n2Vt2

� �
� 1

� �
� V þ IRs

Rsh

(1)

Performance measurements are time-corrected in response to
variations in irradiance, temperatures, and electrical para-
meters throughout the durations of sunny and cloudy days to
compensate for variations in real-world operating conditions.
The model iterates the absorbed irradiance (G), implicitly
included in the photocurrent (Iph), at different times through-
out the day to match the measured short-circuit current (Isc). A
linear correction coefficient is implemented to compensate for
module-specific and spectrally differing absorptions. In addi-
tion, the thermal voltage and the diode saturation currents are
re-evaluated at all time steps to correspondingly model time-
dependent variations in the environment including changes in
temperatures and irradiances on a daily cycle basis. The
approach enables long-term stability modelling with minimal
loss in accuracy (approx. 5%),411 providing a valid estimate of
silicon PV module performance on a long timescale for longer
operating periods.

Fig. 6 Solar station components and environmental monitoring setup for evaluating PSCs performance under real-world conditions. The left section
illustrates the key components of the solar station, including meteorological sensors (e.g., pyranometer, anemometer, and rain gauge) for weather data
acquisition, as well as performance monitoring devices (e.g., I–V tracer, reference plate, and module thermometer) used to assess PSCs behavior. These
components enable the collection of both operational and environmental data. The center section presents a schematic representation of the solar
station, highlighting its integrated monitoring capabilities. The right section displays key measurement outputs. This includes (1) time-series plots of
meteorological parameters such as irradiance and panel temperature, providing insight into daily environmental variations, (2) a performance map that
correlates irradiance and ambient temperature with normalized power output (adapted with permission from ref. 395, Copyright r 2021, Springer
Nature) and (3) A long-term performance evaluation graph showing the temporal degradation of PSCs efficiency under outdoor conditions (adapted with
permission from ref. 395, Copyright r 2021, Springer Nature). This comprehensive monitoring approach allows for an in-depth analysis of how
environmental stressors impact PSCs stability and efficiency.
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In contrast, applying these established strategies directly to
perovskite solar cells has proven significantly more challen-
ging. Primarily due to the inherently dynamic and transient
nature of the PSCs degradation. Although two-diode equivalent
circuit plus irradiance adjustment method-type model applica-
tions have been effective in silicon-module outdoor perfor-
mance prediction, the respective applications on PSCs show
markedly smaller success rates. Such lack of efficacy is a direct
outcome stemming from the crucial difference in the mecha-
nism of degradation. Silicon-based PV technology is predomi-
nantly affected by physical, electrochemical, and thermal
degradation stemming from well-known mechanisms such as
corrosion, microcrack formation, and potential-induced degra-
dation (PID), with typical yearly performance losses of B0.5–
0.6% under temperate climates.392,412 PSCs exhibit degradation
driven by humidity and temperature dependent ionic migra-
tion, interfacial reactions, volatile species transport, and light-
induced phase segregation.413 These processes introduce hys-
teresis, transient behavior, and path dependent degradation
trajectories that violate the core assumptions of equivalent
circuit-based models.

Another dimension to consider is the relative susceptibility
of PSCs towards environmental degradation. Silicon modules
benefit from decade-long advancements in the field of encap-
sulation technology capable of slowing moisture as well as
oxygen penetration, which has enabled lifespans exceeding 25
years in modules. In contrast, PSCs are significantly more
susceptible to minor defects in the encapsulation domain.
Even in optimal conditions of encapsulation, native processes
of degradation such as ionic migration may still pose a threat
towards stability.414 Dynamic behaviors, partial reversible
defect passivation under light, nocturnal relaxation, light soak-
ing effects, and daily thermal/photofatigue cycling,415,416 com-
plicate any attempt to map short-term indoor measurements to
long-term field performance. These reversible-irreversible inter-
actions challenge silicon derived models that assume mono-
tonic and mechanism consistent degradation pathways.

These discrepancies explain why silicon PV modelling
approaches must be modified for PSCs and why new strategies
should account for PSC-specific transient and environmental
degradation phenomena.

5.3.2. Assessment of indoor accelerated aging protocols for
PSCs degradation modelling. The PSC field is developing
indoor test protocols to reproduce long-term outdoor degrada-
tion. This problem has been investigated by means of a
comparison between indoor accelerated aging and outdoor
conditions. For instance, Zhao et al. used the ISOS-L3 protocol
at different temperatures and 65% relative humidity and found
that the transient degradation behavior of PSCs showed an
Arrhenius-type temperature dependence.155 After conducting a
1200-hour ISOS-L1I stability test on semitransparent PSCs, Liu
et al. found that continuous 1-sun illumination only caused a
3.5% degradation.417 A linear extrapolation of the degradation
rate led them to predict a T80 lifetime of more than 6500 hours.
This is equivalent to over 20 years of outdoor operation, when
the average daily irradiance in Princeton (B850 Wh m�2 day�1)

is included, although this assumes constant degradation rates
and similar failure modes between indoor and outdoor envir-
onments, which may not reflect real-world PSC behavior.417 For
this reason, this remains an indoor-only validation; the extra-
polated lifetime is derived under fixed illumination and static
environmental stresses, without incorporating factors that are
known to vary outdoors, such as spectral irradiance shifts, daily
or seasonal humidity and temperature ramp rates, or module
scale thermal gradients. Therefore, the equivalence to a 20-year
outdoor duration should be interpreted as a benchmark esti-
mate rather than a quantitative field prediction.

In addition to following the ISOS-D3 procedure for acceler-
ated aging and extending IEC 61215: 2021, Kobayashi et al.
performed 3000 hours of moist heat testing at 85 1C and 85%
relative humidity.418 The T90 data showed an approximate T90

value of 3260 hours, which was then converted to a projected
outdoor durability estimate of 20 years. This projection was
based on benchmarks for silicon PV panel aging and therefore
carries uncertainty when applied to PSCs, as the degradation
mechanisms and environmental sensitivities differ substan-
tially between the two technologies. Although this study
demonstrates remarkable indoor durability and parallelism
with silicon-based predictive models, the inherently nonlinear
and transient degradation mechanisms of PSCs underscore the
need for complementary testing approaches that account for
the specific failure modes and sensitivities inherent to perovs-
kite photovoltaics. In particular, the acceleration factors are
inherited from silicon IEC protocols and are not calibrated
against PSCs specific degradation kinetics, such as ion migra-
tion, bias induced interface reactions, or the sensitivity to
humidity and temperature ramp rates. As a result, the 20-year
estimate reflects equivalent stress severity, but not necessarily
the same failure modes as those active under outdoor
operation.

To achieve this objective, Hans Köbler and his team con-
ducted a comparative analysis of constant illumination, light-
cycle (LC), and outdoor testing methodologies with the aim of
investigating the transient behaviors of PSCs.419 The study
revealed significant discrepancies between indoor and outdoor
test results attributable to transient effects. A correlation
between indoor and outdoor performance was observed; how-
ever, the different behaviors could be attributed to variations in
hole transport materials and their effect on device stability.
Therefore, LC tests are not universally predictive, the develop-
ment of improved testing protocols and robust encapsulation
strategies is necessary to address correlation errors between
indoor stability predictions and actual outdoor performance of
PSCs. Mark Khenkin et al. reported a two-year outdoor stability
study,133 demonstrating a strong correlation between LC tests
and real-world outdoor performance. The research findings
indicate that different PSC architectures manifest distinct
behavioral patterns when subjected to stability testing. The
triple cation/NiOx perovskite cells demonstrated a uniform
decline in performance under both LC and outdoor conditions,
supporting the suggestion that LC tests can reliably indicate
long-term trends. The most stable dual-cation/SAM perovskite
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cells also performed well outdoors, with no significant degra-
dation over a year. These results suggest that LC tests may
reflect degradation caused by ion migration during night/day
cycles better than traditional constant illumination experi-
ments. Ulas Erdil et al. proposed an innovative accelerated
aging protocol that applies a continuous forward bias in the
dark, followed by a post-bias rest phase, to simulate migration-
driven degradation typically observed under outdoor exposure
conditions.152 Unlike conventional tests, this methodology
reflects natural cycles and variations better, without needing
illumination. It shows that forward polarization impairs charge
transport by increasing recombination losses. There is some
recovery during rest, but it also causes a decline. The degrada-
tion patterns in this indoor study are like those in an outdoor
20-month study in Berlin, showing that the method is relevant.
This low-cost, non-illuminating strategy has the potential to be
a promising alternative to conventional stress tests for asses-
sing PSC stability. Together, these studies show that LC and
bias-driven indoor tests can reproduce specific outdoor degra-
dation signatures, mainly those linked to ion migration and
transient interfacial processes, but their predictive value
remains limited. The correlations observed are architecture
dependent, and each protocol isolates only a subset of relevant
stressors. None of the approaches incorporate real spectral
variation, diurnal MPP transients, humidity or temperature
ramping, or module-scale gradients. Thus, while mechanisti-
cally informative, these tests do not yet provide a complete
basis for quantitative outdoor lifetime prediction, underscoring
the need for multi-stressor, climate-relevant stability
frameworks.

Simultaneously, Jiang et al. developed a temperature-
dependent degradation model based on accelerated indoor
testing under 1.2-sun illumination at temperatures ranging
from 25 1C to 85 1C.132 Arrhenius analysis was applied to the
data, resulting in an apparent activation energy of approxi-
mately 0.59 eV. Subsequently, the model was combined with
recorded outdoor ambient temperature data, incorporating an
estimated compensation for the internal temperature of the
device of 40–50 1C, in order to calculate weekly degradation
rates and predict cumulative performance losses under outdoor
conditions. Over a 26-week period, the degradation trends
showed a high degree of agreement with actual measurements,
validating the use of indoor thermal stress testing to predict
real-world behavior, provided the dominant degradation
mechanism remains the same. To make standard accelerated
stress tests more reflective of behavior in the real world, Song
et al. highlights the importance of including the actual condi-
tions of devices exposed to outdoor environments in indoor
testing.36 The proposed method incorporates light and dark
cycles, temperature variations, and other environmental ele-
ments relevant to outdoor operation. Additionally, the influ-
ence of perovskite composition on degradation was
investigated, showing that during the night, FAMA-based solar
cells self-recovered, while ion migration caused deterioration in
FA/Cs-based devices during thermal cycles. This study proposes
the development of real-world-like tests to increase the

accuracy of degradation behavior across different perovskite
compositions. These results show that temperature-activated
indoor models can reproduce outdoor behavior only when the
same dominant mechanism is active. However, as demon-
strated by real world emulation protocols that include light/
dark cycling, temperature variations, and composition depen-
dent ion migration, can trigger mechanism changes that are
not captured by purely temperature-based Arrhenius extrapola-
tions. This confirms the need for accelerated indoor tests that
integrate the full transient coupling of illumination, tempera-
ture, bias, and environmental factors to achieve robust outdoor
predictability.

5.3.3. Advanced data-analytic and machine learning tools
for lifetime prediction. In order to capture couple predictive
models. Tress et al. introduced a predictive framework based
on mapping PCE as a function of temperature and light
intensity, PCE(T,I), through stabilized MPP tracking.420 Using
real irradiance and temperature data from Lausanne, they
recreated 24 representative daily cycles in the laboratory and
integrated the PCE(T,I) function over time to estimate outdoor
energy yield.420 By comparing the predicted and actual energy
harvested during emulated operation, it was possible to distin-
guish between reversible degradation (recovering overnight)
and irreversible degradation (accumulating over the test per-
iod). The proposed approach constitutes a pragmatic metho-
dology for the emulation of realistic outdoor conditions,
thereby facilitating the isolation of the respective contributions
of distinct degradation mechanisms to the overall
performance loss.

To improve the accuracy of indoor stability tests, Noor Titan
et al. proposed a new indoor aging protocol to more accurately
predict the long-term outdoor stability of PSCs.421 The study
showed that traditional continuous illumination tests do not
replicate real-world day–night cycling, so an accelerated aging
method was introduced that combines elevated temperatures
with shortened light/dark cycles. The improvement in the
correlation between indoor and outdoor degradation behaviors
is significant. An Arrhenius-based equation was presented for
calculating cycle duration. This method provides a solid frame-
work for simulating the degradation of PSCs. For example, the
test has different cycle durations depending on the tempera-
ture: 12 hours of light/12 hours of darkness at 25 1C, but at
55 1C, the cycle is reduced to 1.5 hours of light/1.5 hours of
darkness. The acceleration factor, which defines the rate at
which the degradation cycle occurs relative to real-world con-
ditions, ranged from 5� to 46�. This acceleration factor was
obtained by increasing the temperature and reducing the cycle
duration. Among the PSC architectures tested, those based on
SAM showed the fastest degradation rate (46�), while NiOx-
based PSCs and NiOx/SAM hybrids demonstrated signifi-
cantly greater stability (B5�). The model was validated on
different hole transport layers in PIN architectures, demon-
strating that degradation trends at higher temperatures with
shorter cycles are like those at lower temperatures with longer
cycles. This confirms the reliability of the estimation model
(see Note S3).
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The integration of illumination and temperature in these
indoor protocols has been shown to enhance the predictive
accuracy of the models. Furthermore, the incorporation of
environment-dependent acceleration factors has been demon-
strated to further improve the correspondence between the
indoor and outdoor degradation trends. However, variable
humidity and differences in perovskite composition can alter
the dominant degradation mechanisms, especially in extreme
climatic conditions where encapsulants may fail. This makes it
necessary to validate data collected outdoors under variable
climatic conditions, mainly in tropical climates with high UV,
humidity changes, and constant high irradiance. This ensures
the opportunity to adjust acceleration models to generalize and
strengthen different environmental stress regimes.

Machine learning (ML) has been used to predict long-term
PSC performance under real conditions. These methods use
short-term testing to generate fast and accurate predictions.
Unlike conventional models, these models could interpret the
nonlinear and combined effects of stress factors present in
outdoor conditions. Consequently, they facilitate the reduction
of testing time, provide guidance on material and architecture
optimization, and support the transferability of lifetime pre-
dictions across various climates and device configurations.

Graniero et al. conducted a comprehensive ML study using
both the Perovskite Database Project and a high-resolution in-
house aging dataset.422 The demonstration showed that non-
linear models, e.g., the Random Forest algorithm, can identify
key elements that affect stability, such as perovskite composi-
tion, charge transport layers, and environmental exposure.
Researchers emphasized the fundamental importance of a
high-quality dataset for model accuracy. The study found no
significant improvement with larger datasets if the data quality
was not improved because there were inconsistencies among
common aging data metrics. Standardized and high-quality
datasets are needed to improve machine learning reliability
and ML-based predictions should be validated against long-
term outdoor datasets before being used as definitive lifetime
estimations.

In a similar vein, Odabas-ı and Yıldırım employed ML-based
meta-analysis to analyze a curated dataset of 404 PSCs, which
had been compiled from 181 publications.423 Subsequently, the
researchers employed association rule mining and decision
tree modeling, thereby identifying strategies such as mixed
cations, multi-spin deposition, SnO2 as ETL, and storage at
low humidity. This process yielded models with interpretable
rules, such as high stability at o30% humidity. The study
demonstrates the value of statistical learning in deriving prac-
tical design guidelines, although such guidelines are not yet
developed to directly extrapolate outdoor lifetimes, and their
applicability remains limited without controlled real-world
validation.

To enhance the accuracy of ML models, Kouroudis et al.
advanced the field by introducing a wavelet-assisted ML frame-
work to quantitatively predict outdoor PSC degradation from
short-term indoor aging tests.334 The methodology combines
signal preprocessing, utilizing IIR filtering and Daubechies-2

wavelet transforms, with a Kernel Ridge Regression (KRR)
model trained on time-series degradation data collected under
controlled indoor conditions (varied light intensity, atmo-
sphere, and temperature). To avoid overfitting, indoor tests
were selected using the Fréchet distance metric. The model’s
robustness was enhanced using Bayesian optimization and six-
fold cross-validation. The model predicted outdoor degradation
behavior effectively (MSE o 0.24) across various climates, e.g.,
Barcelona and the Negev desert, but the predictions remain
dependent on the representativeness of the indoor stress
profiles used for training.

5.3.4. Perspectives to bridging indoor testing and outdoor
performance prediction. Indoor evaluation protocols have
enabled important progress in predicting outdoor perfor-
mance. However, perovskite solar cells have transient degrada-
tion mechanisms that cause them to diverge from the patterns
observed in other technologies. Therefore, simple extrapola-
tions from previously used models are unreliable. Additionally,
models that consider only a single stress factor can reproduce
degradation trends only under specific conditions and typically
fail when conditions change. When models couple multiple
variables, their predictive accuracy improves. However, their
validity varies across climatic zones, since factors such as
humidity and daily thermal cycles can shift the dominant
degradation mechanism.

Consistent with this, a recent review of accelerated degrada-
tion models424 concluded that traditional single-stressor
approaches such as Arrhenius or Eyring capture temperature-
driven degradation but break down when humidity, light, or
electrical bias introduce additional pathways. Humidity-driven
degradation requires dual-stressor formulations like Hallberg-
Peck, while PID follows inverse-power-law kinetics, and no
single model can represent all coupled effects observed in real
devices. The review therefore recommends the development of
multi-variable degradation models, such as Arrhenius-light,
Arrhenius-RH, or Subramaniyan-type conjunction models, that
explicitly integrate temperature, humidity, illumination, and
electrical bias within a unified acceleration framework to
enable more realistic stability predictions under complex stress
conditions.

ML also shows strong potential for improving outdoor
prediction when supported by high-quality datasets. Current
studies consistently demonstrate that accurate outdoor predic-
tions are only possible when indoor training data capture the
same dominant stress factors operating in the field. For exam-
ple, Kouroudis et al.334 showed that 1-sun nitrogen tests yielded
the lowest prediction error because the outdoor devices used
for validation were encapsulated and therefore degraded
mainly through thermal-ionic pathways; in contrast, indoor
air tests performed more than twice as poorly, indicating that
models trained under mismatched stress profiles fail to repro-
duce outdoor behavior. They also demonstrated that prediction
of accuracy declines when indoor and outdoor protocols
diverge, such as differences in UV shielding, highlighting the
sensitivity of ML models to inconsistent stress environments.
In practice, this means that ML models should be trained
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within the same degradation regime they are expected to
predict, encapsulated outdoor devices require encapsulation-
relevant indoor stress profiles, whereas unencapsulated devices
demand training data that explicitly include air exposure,
humidity, and UV.

In this context, a simplified but practical approach is for
each laboratory to train ML models using its own indoor
protocols, device architectures, and encapsulation strategies.
Such lab-specific training can yield accurate predictions for
that laboratory device, allowing ML to serve as a tool for
forecasting outdoor performance under the specific conditions
relevant to that fabrication line. In contrast, building a general-
ized, climate agnostic outdoor-prediction model requires struc-
tured dataset expansion. High-quality indoor measurements
under controlled 1-sun illumination, varied temperatures, and
well-defined atmospheres (N2 vs. air) should form the core of
the training set, recorded through stabilized MPP or PCE time
series. Additional stressors should be included only when they
correspond to realistic degradation pathways for the devices
being modeled, such as humidity-driven changes, light/dark
transients, seasonal effects (self-recovery), solar cells architec-
tures, or composition-dependent ion migration. Additionally,
given that machine learning predictions exhibited reduced
accuracy when indoor and outdoor stress profiles diverged
(e.g., UV exposure, imperfect encapsulation, moisture ingress),
a subset of device data could comprise measurements that
integrate indoor and outdoor measurements across disparate
climate zones. The expansion of the diversity of datasets under
controlled and well-adapted protocols is of greater value than
the mere increase in size of the dataset. This is a prerequisite
for machine learning models that aim to generalize across
different laboratories and climate zones.

6. Conclusions and perspectives

Recent advancements in PSCs have shown encouraging results,
with some studies reporting multi-year operational lifetimes.
However, transitioning from laboratory success to large-scale
and reliable outdoor deployment requires directly confronting
several critical bottlenecks. While traditional performance
benchmarks and indoor evaluation tests are useful for initial
assessments, they still fail to capture the complexities of real-
world conditions, such as fluctuating irradiance and tempera-
ture variations. Environmental and operational coupled factors,
such as high humidity, extreme temperatures, UV exposure and
bias play a significant role in different PSCs degradation
mechanisms, and become very dependent on the specific loca-
tion, as each climate presents unique fluctuations. This can be
significantly understood by adequate modeling of coupled fac-
tors (e.g., simultaneous UV exposure, humidity, high tempera-
ture, and electrical bias), as recent advances in in situ and in-
operando studies provide critical insights into these mechan-
isms, enabling a deeper understanding of interfacial reactions
and paving the way for more rational design principles that
enhance device robustness. While improvements in PSCs

stability, such as those achieved through interface engineering
and carbon-based back electrodes, show promise, their long-
term viability under outdoor exposure conditions has not been
fully validated yet, as required by industry. Therefore, research
must pivot from laboratory tuning to a rational, physics-based
approach for degradation mitigation. This involves leveraging
these advanced in situ and in operando diagnostic tools to
monitor interfacial reactions in real-time, enabling the design
of intrinsically more robust bulk materials, highly stable inter-
face layers, and self-healing or passivating encapsulation strate-
gies. On the other hand, the diagnostic tools used in outdoor
evaluations, such as thermal coefficients and I–V curve tracing,
help to identify key degradation pathways, but they alone are not
enough to fully predict long-term performance. Issues like
insulation, leakage currents, and the formation of hot spots
must also be addressed to ensure the durability and stability of
PSCs modules. As most stability evaluations are still conducted
under controlled environments, there is still a need for real-
world testing. This gap in outdoor testing is especially promi-
nent in regions like Latin America, Africa, and Southeast Asia,
where climate-specific degradation mechanisms remain insuffi-
ciently understood. In general, more outdoor testing in tropical
climates is required to collect data of PSC degradation under
stringent climate conditions with consistent day/night cycles,
serving as reference platforms for accelerated stability testing,
material benchmarking and the development of robust commer-
cial photovoltaic technologies, where other engineering issues
(insulation breakdown, localized hot spots, and leakage cur-
rents) come out as area increases, limiting long-term durability
and making more evident the performance and stability gap
between small-area laboratory devices and commercial-sized
modules. In this sense, more systematic outdoor evaluations of
mini-modules, sub-modules, and full modules are needed to
address scaling challenges and ensure reliable real-world perfor-
mance characterization. However, even if these evaluations are
currently being conducted, it takes several years to be reported to
the community, which combined with a lack of clarity about
which standard is most appropriate to report for specific cases,
makes it difficult to compare materials and device architectures
under different climatic conditions, reporting data across the
community using agreed-upon testing protocols. Finally, by
focusing research efforts from rational materials and devices
design to standardized, geographically diverse outdoor valida-
tion, the field can transition from reporting promising labora-
tory results to delivering a truly viable, commercially scalable,
and globally stable perovskite photovoltaic technology. The long
road to outdoor stability demands a fundamental shift toward
real-world testing and predictive engineering to fully unlock the
transformative potential of PSCs.

Disclaimer

We have used AI assistance to help with the English language
formulation and some grammatical aspects. All technical
points, Ideas, original text, and results in this review are our
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own original contributions provided in only some parts to the
AI system. We have thoroughly written the entire review and
verified that no information has been fabricated or misrepre-
sented in the grammatical improvement process.
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M. Salvador, E. Van Kerschaver and S. De Wolf, Interplay
between temperature and bandgap energies on the out-
door performance of perovskite/silicon tandem solar cells,
Nat. Energy, 2020, 5(11), 851–859, DOI: 10.1038/s41560-
020-00687-4.

Review Article Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/8

/2
02

6 
7:

25
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1021/jz5017069
https://doi.org/10.1021/jz5017069
https://doi.org/10.1109/JPHOTOV.2024.3355406
https://doi.org/10.1021/acsami.2c02463
https://doi.org/10.1021/acsami.2c02463
https://doi.org/10.1039/C8NR09353A
https://doi.org/10.1002/adfm.201809129
https://doi.org/10.3390/en14071947
https://doi.org/10.1002/solr.201600019
https://doi.org/10.1039/C7NR00784A
https://doi.org/10.1039/C7NR00784A
https://doi.org/10.1038/s41560-021-00941-3
https://doi.org/10.1038/s41586-024-07764-8
https://doi.org/10.1038/s41586-024-07764-8
https://doi.org/10.1126/science.ade9463
https://doi.org/10.1126/science.abi6323
https://doi.org/10.1126/science.adm9474
https://doi.org/10.1038/s41586-024-08103-7
https://doi.org/10.1126/science.adk1633
https://doi.org/10.1038/s41560-020-00687-4
https://doi.org/10.1038/s41560-020-00687-4
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01085c


This journal is © The Royal Society of Chemistry 2026 Chem. Soc. Rev.

276 C. Li, L. Chen, F. Jiang, Z. Song, X. Wang, A. Balvanz,
E. Ugur, Y. Liu, C. Liu, A. Maxwell, H. Chen, Y. Liu,
Z. Wang, P. Xia, Y. Li, S. Fu, N. Sun, C. R. Grice, X. Wu,
Z. Fink, Q. Hu, L. Zeng, E. Jung, J. Wang, S. M. Park,
D. Luo, C. Chen, J. Shen, Y. Han, C. A. R. Perini,
J.-P. Correa-Baena, Z.-H. Lu, T. P. Russell, S. De Wolf,
M. G. Kanatzidis, D. S. Ginger, B. Chen, Y. Yan and
E. H. Sargent, Diamine chelates for increased stability in
mixed Sn–Pb and all-perovskite tandem solar cells, Nat.
Energy, 2024, 9(11), 1388–1396, DOI: 10.1038/s41560-024-
01613-8.

277 E. Aydin, E. Ugur, B. K. Yildirim, T. G. Allen, P. Dally,
A. Razzaq, F. Cao, L. Xu, B. Vishal, A. Yazmaciyan,
A. A. Said, S. Zhumagali, R. Azmi, M. Babics, A.
Fell, C. Xiao and S. De Wolf, Enhanced optoelectronic
coupling for perovskite/silicon tandem solar cells, Nature,
2023, 623(7988), 732–738, DOI: 10.1038/s41586-023-
06667-4.

278 E. Ugur, A. A. Said, P. Dally, S. Zhang, C. E. Petoukhoff,
D. Rosas-Villalva, S. Zhumagali, B. K. Yildirim, A. Razzaq,
S. Sarwade, A. Yazmaciyan, D. Baran, F. Laquai, C. Deger,
I. Yavuz, T. G. Allen, E. Aydin and S. De Wolf, Enhanced
cation interaction in perovskites for efficient tandem solar
cells with silicon, Science, 2024, 385(6708), 533–538, DOI:
10.1126/science.adp1621.

279 Z. Wang, L. Zeng, T. Zhu, H. Chen, B. Chen, D. J. Kubicki,
A. Balvanz, C. Li, A. Maxwell, E. Ugur, R. dos Reis,
M. Cheng, G. Yang, B. Subedi, D. Luo, J. Hu, J. Wang,
S. Teale, S. Mahesh, S. Wang, S. Hu, E. D. Jung, M. Wei,
S. M. Park, L. Grater, E. Aydin, Z. Song, N. J. Podraza, Z.-
H. Lu, J. Huang, V. P. Dravid, S. De Wolf, Y. Yan,
M. Grätzel, M. G. Kanatzidis and E. H. Sargent, Suppressed
phase segregation for triple-junction perovskite solar cells,
Nature, 2023, 618(7963), 74–79, DOI: 10.1038/s41586-023-
06006-7.

280 H. Chen, A. Maxwell, C. Li, S. Teale, B. Chen, T. Zhu,
E. Ugur, G. Harrison, L. Grater, J. Wang, Z. Wang, L. Zeng,
S. M. Park, L. Chen, P. Serles, R. A. Awni, B. Subedi,
X. Zheng, C. Xiao, N. J. Podraza, T. Filleter, C. Liu,
Y. Yang, J. M. Luther, S. De Wolf, M. G. Kanatzidis,
Y. Yan and E. H. Sargent, Regulating surface potential
maximizes voltage in all-perovskite tandems, Nature, 2023,
613(7945), 676–681, DOI: 10.1038/s41586-022-05541-z.

281 Z. Peng, A. Vincze, F. Streller, V. M. Le Corre, K. Zhang,
C. Li, J. Tian, C. Liu, J. Luo, Y. Zhao, A. Späth, R. Fink,
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Prototype Validation for Mobile Green Hydrogen Refueling
Station Using Hardware-in-the-Loop. 2025 7th Global Power,
Energy and Communication Conference (GPECOM), IEEE, 2025,
pp. 729–734, DOI: 10.1109/GPECOM65896.2025.11061998.

405 T. Song, L. Ottoson, J. Gallon, D. J. Friedman and
N. Kopidakis, Reliable Power Rating of Perovskite PV Modules,
2021 IEEE 48th Photovoltaic Specialists Conference (PVSC), IEEE,
2021, pp. 0367–0371, DOI: 10.1109/PVSC43889.2021.9518841.

406 International Electrotechnical Commission IEC 61853-3,
Photovoltaic (PV) module performance testing and energy
rating - Part 3: Energy rating of PV modules. https://
webstore.iec.ch/en/publication/26850.

407 International Electrotechnical Commission, IEC 61853-1,
Photovoltaic (PV) module performance testing and energy
rating - Part 1: Irradiance and temperature performance
measurements and power rating. https://webstore.iec.ch/
en/publication/6035.

408 International Electrotechnical Commission, IEC 61215-1,
Terrestrial photovoltaic (PV) modules - Design qualification
and type approval - Part 1: Test requirements. https://web
store.iec.ch/en/publication/61345.

Review Article Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/8

/2
02

6 
7:

25
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1016/j.renene.2016.&QJ;02.031
https://doi.org/10.1016/j.renene.2016.&QJ;02.031
https://webstore.iec.ch/en/publication/26850
https://doi.org/10.1016/j.solener.2022.03.064
https://doi.org/10.1016/j.solener.2022.08.052
https://doi.org/10.1016/j.solener.2022.08.052
https://doi.org/10.1021/acsami.8b01033
https://doi.org/10.1021/acsami.7b07625
https://doi.org/10.1016/j.rser.2021.111532
https://doi.org/10.1002/pip.861
https://doi.org/10.1002/pip.2744
https://doi.org/10.1109/WCPEC.2006.279914
https://doi.org/10.1109/WCPEC.2006.279914
https://doi.org/10.1109/JPHOTOV.2019.2916197
https://doi.org/10.1109/JPHOTOV.2019.2916197
https://doi.org/10.1038/s41560-020-00747-9
https://doi.org/10.1108/FEBE-03-2021-0019
https://doi.org/10.1108/FEBE-03-2021-0019
https://doi.org/10.3390/en16052206
https://doi.org/10.3390/en16052206
https://doi.org/10.3390/app15031031
https://doi.org/10.1016/j.rser.2016.04.039
https://doi.org/10.1038/s41598-024-67306-0
https://doi.org/10.1016/j.xcrp.2024.101885
https://doi.org/10.1016/j.solener.2018.09.060
https://doi.org/10.1016/j.solener.2022.07.032
https://doi.org/10.1109/GPECOM65896.2025.11061998
https://doi.org/10.1109/PVSC43889.2021.9518841
https://webstore.iec.ch/en/publication/26850
https://webstore.iec.ch/en/publication/26850
https://webstore.iec.ch/en/publication/6035
https://webstore.iec.ch/en/publication/6035
https://webstore.iec.ch/en/publication/61345
https://webstore.iec.ch/en/publication/61345
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01085c


This journal is © The Royal Society of Chemistry 2026 Chem. Soc. Rev.
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H. Köbler; J. Beckedahl; F. Ruske; R. Schlatmann;
C. Ulbrich and A. Abate How to accelerate outdoor ageing
of perovskite solar cells by indoor testing. marzo 28, 2024,
DOI: 10.21203/rs.3.rs-4014242/v1.

422 P. Graniero, M. Khenkin, H. Köbler, N. T. P. Hartono,
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