Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 August 2024. Downloaded on 1/15/2026 7:12:10 AM.

(cc)

Energy &
Environmental
Science

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

Stability and reliability of perovskite containing
solar cells and modules: degradation mechanisms
and mitigation strategiest

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2024, 17, 7566

Sara Baumann,
Dana B. Kern,

Gernot Oreski,
and Marc Koéntges

*3 Giles E. Eperon,© Alessandro Virtuani, 2 ¢ Quentin Jeangros,®
© Dounya Barrit, @2 Jackson Schall,*® Wanyi Nie, "

' Mark Khenkin,” Carolin Ulbrich,! Robby Peibst,”® Joshua S. Stein®
%xb

Perovskite solar cells have shown a strong increase in efficiency over the last 15 years. With a record
power conversion efficiency on small area above 34%, perovskite/silicon tandem solar cells already
exceed the efficiency limit of silicon solar cells and their efficiency is expected to increase further. While
predicted to take large markets shares in a few years thanks to their high efficiency and low
manufacturing cost potential, perovskite/silicon tandem devices are not yet sufficiently reliable, which
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brings into question the commercial viability of this new technology. This review provides an extensive
summary of degradation mechanisms occurring in perovskite solar cells and modules. In particular,
instabilities triggered by the presence and generation of mobile ions in the perovskite absorber and/or
by extrinsic stress factors are discussed in detail. In addition, mitigation strategies developed so far to
improve the reliability of the technology are also presented.
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Broader context

In order to achieve the climate goals, the share of renewable energies in total energy conversion must be increased. Therefore, it is advisable to minimize land
consumption by increasing the efficiency of solar modules. Tandem solar modules are suitable in this regard, as they consist of two solar cells with different
band gaps which allows to increase efficiency. In combination with conventional silicon technology, perovskite solar cells are particularly well suited, as their
band gap can be optimized, they are cost-effective and their raw materials are sufficiently available. With a theoretical efficiency limit around 44%, dual
junction perovskite/silicon tandem solar cells have already experimentally exceeded the theoretical limit for single-junction silicon solar cells (i.e. 29.5%) and
achieved 33.9% efficiency on ~1 cm? areas. Beyond upscaling to larger areas, achieving a sufficient stability and operational service lifetime of 30 years and
more is essential for the deployment of perovskite/silicon tandem solar cells. However, the stability of perovskites is presently under scrutiny, as the solar cells
made with these novel compounds have so far degraded under various environmental influences such as temperature, humidity, oxygen or light on much

smaller timescales. Therefore, a focus of research should now be on optimizing long-term stability.
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A. Introduction

Metal halide perovskite (MHP) photovoltaic (PV) cells have been
the focus of significant research and development interest as
an alternative to crystalline silicon (c-Si) and as an addition to c-
Si in tandem structures. This global interest is due to a quick
rise in cell efficiency" since the first perovskite solar cells (PSCs)
were produced in 2009,> a potential for low production costs
thanks to a certain tolerance to atomic point defects,® and the
band gap tunability of the perovskite material.* While record
single-junction (S]) efficiencies are approaching with c-Si solar
cells, the ability of PSCs, especially larger area modules, to
survive outdoor operation conditions is still uncertain with a
wide variability in reported service life for laboratory samples.’

This journal is © The Royal Society of Chemistry 2024
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One reason for this uncertainty lies in the very definition of the
technology, which is based on a crystallographic classification
rather than composition. Thus, there is a wide variety of MHP
compositions being developed and lessons learned may not be
transferable. Researchers have demonstrated that MHPs are
very sensitive to slight variations in both composition and
processing parameters and conditions.®

Efforts to scale PSCs to larger area modules have resulted in
cell to module losses of as much as —10% absolute PCE® mainly
due to difficulties in depositing large homogeneous MHP
films” and also the reliance on transparent conductive oxides
(TCOs) and their rather high series resistance.®* MHP composi-
tion, charge transport layers (CTLs) and electrodes must use
stable materials that result in both high efficiency PSCs and
durable devices. It should be first noted that “stability” refers
to the capacity to resist (or slow) changes (e.g. reactions) that
can lead to degraded performance, while ‘“reliability” (and
durability) relate to how long these devices perform to expecta-
tions in the environment (e.g. outdoors). The focus of many
research groups recently shifted from efficiency to stability and
reliability while first early companies start ramping their pro-
duction capacities. There are remaining challenges with respect
to selecting stable materials and manufacturing reliable mod-
ules, yet still only 10% of the current research on PSCs
addresses material stability and reliability issues.” While other
review articles have provided overviews of PSC degradation
mechanisms,'® this article expands the review to module-
level, with inclusion of mechanical failures, effects of reverse
bias, module design and packaging issues and potential
induced degradation (PID). Thereby, the mechanisms are
mainly explained on the basis of SJ PSCs, but are also con-
cretized for tandem applications. Furthermore, we include a
review of mitigation strategies being considered for solving
stability problems and increasing reliability of MHP-containing
modules.
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B. Intrinsic perovskite degradation
mechanisms

This first section reviews intrinsically degradation phenomena
that occur within the MHP layer. At the end of the section,
Table 3 gives and overview of MHP components influencing the
stability.

A. Intrinsic phase instability

The MHP lattice structure forms a cubic, or almost cubic, lattice
structure only within a certain range of ionic radii of the three
lattice components A, B, and X. This cubic phase is the ‘black
phase’ or ‘alpha phase’ that is applicable for PV devices, since it
readily absorbs light. If any of the A, B, or X components have a
too large or small effective ionic radius compared to the other
constituents, the cubic structure cannot form, due to physical
space constraints. Slight size mismatch can result in undesired
secondary crystal phases with non-ideal absorption profile. If
the mismatch is significant, the material will not form in the
desired ABX; stoichiometry at all. To predict whether a stable
cubic structure is formed, the Goldschmidt tolerance factor can
be used, giving a number determined from the ionic radii of the
constituent elements."® Typically, a tolerance factor of ~0.85-1
will form a cubic structure, and outside of that regime undesir-
able phases will form.

MHPs have temperature-dependent tolerance factors.
They can be annealed to occupy a desired phase but will
always return to their preferred phase under the respective
specific (operational) conditions. This change can happen
over very long timescales. This can lead to phase instability,
where over time the desired black phase degrades to a non-
active PV phase. E.g., the pure Formamidinium (CH(NH,),"
or FA") lead iodide (FAPbI;) MHP composition can be
annealed to form the black phase at ~150 °C, but at room
temperature (RT) its tolerance factor is outside the cubic
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regime, at ~1.02, and will therefore return to a yellow delta
phase over days/weeks."*

For standard testing under international electrotechnical
commission (IEC) 61215 procedures, MHP modules will experi-
ence temperatures in the range from —40 °C to +85 °C"> except
for the hot spot test where the reverse voltage protection
strategy for shading of the module sets the module temperature
during partial shading.'® If their tolerance factor is close to the
edge of the black phase regime at room temperature, it is likely
that at some part of the operating temperature range it will
degrade to a non-cubic phase.

Phase instability can be detected by employing crystallo-
graphic methods, e.g. X-ray diffraction (XRD) to measure a MHP
film’s structure, usually as a function of time at room tempera-
ture or in operating temperature range. It could be beneficial to
employ thermal cycling to accelerate possible phase instabil-
ities, by probing the limits of the operating temperature range.

Preventing phase instability can be accomplished by select-
ing a composition that is well within the tolerance factor
regime for the desired black phase. The tolerance factor can
provide rough guidelines for compositions that may be phase
stable. Efforts have been made to use a modified, more complex
calculation for higher accuracy.'”'® E.g., Fig. 1 shows how
alloying elements can be used for phase stabilization. FAPbI;
(tolerance factor too high) and CsPbl; (tolerance factor too low)
both exhibit different non-cubic phases at room temperature.
However, the black phase is produced at room temperature by
creating an alloy with an appropriate tolerance factor (repre-
sented by averaging ionic radii), as Li et al show." The
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Fig. 1 (a) Diagram of perovskite crystal lattice showing A* (e.g., FA*, MA™,

Cs*), B?* (e.g., Pb?") and X~ (e.g. |-, Br~, Cl") components reproduced
from ref. 17. Copyright 2019 The Authors. (b) Tuning tolerance factor by
alloying elements. CsPbls and FAPbIs reside in the non-cubic phase at
room temperature (tolerance factor too low/high respectively), but alloy-
ing them gives an average tolerance factor within the cubic regime.
Reprinted with permission from ref. 13. Copyright 2015 American
Chemical Society.
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resulting FA,Cs;_,Pbl; composition is one of the commonly
used MHP variations and shows good phase stability. Methyl-
ammonium (CH;NH;" or MA") lead iodide (MAPbI;) and other
appropriately chosen FA,MA,Cs(;_,_,)PbX; alloys can also sit
within this phase-stable regime. However, alloying introduces
other problems like phase segregation as described in Section
B-C. Recently, progress has been made towards a full phase
diagram of these various alloys in combined experimental and
theoretical work, including the temperature dependence, by Xu
et al'® Further work is still needed to clearly map the
temperature-dependent phase diagrams for a full range of
alloys.

B. Instability induced by leftover MHP precursor and phase
impurities

Unconverted Pbl, in MHP films can lead to phase instability
and can stem from processing conditions, incomplete
mixing during fabrication, or degradation pathways. PbI, can
photolyze under blue or UV light, breaking down into I, and
metallic Pb amongst other byproducts.>*>* Then I, can react
with the MHP to create more Pbl,, thus starting a catalytic
breakdown. The photocatalytic breakdown reaction is detailed
in equation (1). The presence of Pbl, initiates a photolytic
reaction in which MHP material is lost from the film as I,
and deprotonated cations amongst other products®>*® as
depicted in Fig. 2. Table 1 explains the symbols used in all
following figures.

3FAPbIL; + hv + I;~ — 213~ + 3FA" + 3Pbl, + 2e~
PbL, + hv — I, + Pb, (1)
L+I - I3~

An excess of Pbl, has been used in many cases as a passivation
strategy, as it may improve device performance in many cases.>
However, the observation of this photolytic reaction suggests
that this strategy results in unstable films under light, so other
passivation strategies are needed.”® In addition, it may be
difficult to totally remove any Pbl, regions, however small,
from MHP films created with typical fabrication approaches,
implying that strategies to minimize unreacted PbI, or remove
it afterwards could be critical. A key question for long-term
MHP photostability is whether the photolysis reaction can be
initiated by MHP itself; if so, this reaction may be unavoidable
and the focus should be on slowing down its initiation or
reaction rate. Donakowski et al. suggest that it could be
initiated by at least FAPbI;, but a clear answer to this question
does not seem to have been reached.*

In addition to Pbl,, small inclusions of other phases within
MHP can initiate decomposition. Using a multimodal micro-
scopy approach, Macpherson et al. showed that nanoscale
hexagonal polytypes (MHP composition, but different crystal
structure) act as degradation nucleation sites.”®?” Exposing
these under illumination resulted in degradation stemming
from sites that were often on the nanometre-scale, making
these phases hard to identify. They showed that changing
composition and fabrication conditions impacted the density

This journal is © The Royal Society of Chemistry 2024
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Fig. 2

(a) Pbl, residues absorbing blue/UV light can initiate a catalytic breakdown reaction with material loss in the form of A* and I. (b) Nanoscale

hexagonal polytypes acting as nucleation sites for further degradation of cubic photoactive to hexagonal not photoactive phase.

Table 1 Symbols used in the following figures

Symbol

Meaning

™

016y

of such phases, demonstrating the importance to optimize
composition and processing to minimize such defects. With
sufficient density of impurities (such as excess Pbl, or other
phase impurities), these can be detected using XRD or energy
dispersive X-ray spectroscopy (EDX).>* However, several of the
studies referenced above suggest that these phases can be
problematic even when present at very small fractions that

This journal is © The Royal Society of Chemistry 2024

Accelerated by
Elevated temperature
Time

Ilumination
Electrical bias
Stability problems
Ion Movement

Unwanted reaction between ions
Avoided reaction

Layer has ion blocking characteristics
Material instability

Increase/decrease

Regions with higher concentration of A'/X™ (often not photoactive)

are only detectable by elaborate electron microscopy-based
techniques.”” Empirical testing of this degradation mode may
be accomplished by measuring external quantum efficiency
(EQE) while exposing the MHP to light that is absorbed by
the impurity - generally any light with a blue or UV component.
E.g., for Pbl,, wavelengths of <515 nm are absorbed.”® The
degradation rate is likely to be temperature sensitive, so a
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suggested screening protocol might be to place MHP films or
PSC devices under blue-containing illumination plus heating to
accelerate the reaction with a temperature that would not
degrade the specific MHP composition without illumination
(e.g., <100 °C for MAPbI; and <170 °C for FAPbI;) and
measure XRD to assess bulk structure degradation.

As briefly mentioned above, the best way to mitigate this
mechanism seems unclear thus far. Possible strategies include
optimization of composition, stoichiometry>**® and the proces-
sing to e.g. minimize Pbl, residues or, if possible, to avoid them
completely. It may also be possible to carry out post-treatments
to remove unwanted phases.

C. Phase segregation

Mixed cation mixed halide MHP compositions are a recent
trend to produce high-efficiency PSCs with optimal band gaps
for tandem PV with stable crystal structures and extended
lifetimes.> By analysing literature reports, a prevalent FA: MA
cation ratio in the order of 4:1 with <10% Cs stabilization is
commonly used.**"** Single-halide (i.e. pure iodide) PSCs reach
efficiencies of 22-26%. However, their relatively low band gap
(e.g. ~1.5-1.6 eV) is not optimal for MHP/Si tandem solar
cells.*® For MHP/Si tandems the MHP top cell band gap should
be ~1.65-1.7 eV and even higher for MHP/MHP tandems,>>
which can e.g. be achieved by the incorporation of bromide,
chloride or increasing the amount of Cs. However, bromide
ratios of more than 20% (at least for MA and MA/FA composi-
tions) bear the risk of halide segregation.®® Thus, the bromide
ratio for stable devices should be limited to ~14-17% to obtain
SJ power conversion efficiencies (PCEs) of 18-24%.>>¢"*! This
allows obtaining band gaps of about 1.63 eV to 1.70 eV,**3%%
which are suitable for MHP/Si tandems. Using Cs/FA or Cs/FA/
MA on the A-site probably allows for higher Br ratios as
Cso.17FA¢.83Pb (1o 73Br 27)3 was shown to be stable under 1.5 sun
illumination.**> Knight et al state that the higher stability of

Composition
after preparation

View Article Online
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triple cation MHPs against halide segregation might be a result
of their high crystallinity.**

With site-alloyed compositions, even when the average
tolerance factor encourages black phase formation, it can be
energetically unfavourable in operating conditions for the MHP
constituent elements to remain well-mixed in the alloy. This
can result in spatial segregation into two or more phases of
different composition. While it is possible that this could result
in multiple phases that are both black phase, the more proble-
matic and more likely scenario is that one or both segregated
phases will have a preferred phase within the operating tem-
perature range that is not the black phase. This segregated
phase(s) will then degrade to the non-black phase, causing
optical and likely electronic losses. Small fractions of phase
segregation can initiate larger scale segregation over time as
sketched in Fig. 3. To test if a given composition will phase-
segregate under operating conditions, crystallographic studies
as a function of time under realistic operational conditions
have been performed. Adding a spatial compositional or struc-
tural analysis technique such as nano-XRD or time-of-flight
secondary ion mass spectroscopy (ToF-SIMS) can detect the
scale, morphology, and composition of segregated products.*’
In order to avoid phase segregation, energetic calculations can
be carried out on a given composition to determine which are
more or less likely to de-mix.

Cation segregation. The A site of MHP structures is typically
occupied by cations such as FA", MA" or Cs". Those cations can
segregate — either caused by an energetically unfavourable
composition, or by compositional heterogeneity resulting from
the fabrication process, as detailed by Mundt et al*® The
fabrication procedure can be optimized to avoid heterogeneity
resulting from deposition conditions by decreasing nucleation
sites for segregation. Depending on the magnitude of driving
energy, minimizing nucleation sites may be enough to prevent
a segregation-prone composition from segregating, but the
success of such an approach seems unclear so far. Choosing
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Fig. 3 Phase segregation in mixed cation and/or halide MHP films can either occur directly at MHP formation due to inhomogeneous mixing during
preparation or spontaneously if the composition is energetically unfavourable (at certain temperatures). In both cases, phase segregation will proceed
with time and be accelerated by external influences whereas (halide) segregation can be slowed down by reducing ion movement.
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an energetically stable mixed is likely the best approach.
Schelhas et al found that compositions such as FA,.
MA,;Cs;_,_,Pbl; are possibly the best candidates in this regard,
though FA,MA,PbI; and FA,Cs,Pbl; mixed cation compositions
may have some regimes in the compositional space where they
are stable.”” A large compositional screen by Zhao et al*’
assessing the stability of a large number of MHP compositions
under temperature and light stressing supported this sugges-
tion, and also indicated that having mixed halides appeared to
change the regimes of energetic stability.

Halide segregation. Similar to cation segregation, alloyed X-
site halides (e.g. I, Br~ or Cl) can segregate into macroscopic
phases to minimize overall free energy.*®*>' Halide segregation
in the common iodide-bromide system generally occurs with a
Br ratio of >15-20%, depending on exact composition.*>>°
Halide segregation occurs through ion migration (see Section
B-D) in defective sites as vacancies,” accelerated by external
triggers like light or electrical fields. Environmental factors
such as oxygen and moisture also strongly impact halide
segregation as will be discussed later. Local strain relaxation,
particularly with Br concentration below 50%, activates halide
segregation, while a strain-free mixed halide crystal prevents
light-induced segregation.>® The A-cation also influences the
energy barrier for phase segregation. MA-based MHP have a low
barrier for cation segregation, which can initiate halide segre-
gation. It has been shown that crystal phase is a good, but not
complete, predictor for halide segregation susceptibility.>°

To probe halide segregation, XRD and photoluminescence
(PL) are commonly used to measure the change in the lattice
parameter and optical band gaps, respectively. In the mixed
halide structure, the main XRD peaks should be located
between the peaks of the pure phases, presenting as a single
peak. Upon segregation, the single peak can split into two
peaks corresponding to the individual pure phases.*® By mixing
bromide into the pure iodide phase, the optical band edge in
PL measurements systematically blue-shifts. Light-induced
halide segregation, as reported by Hoke et al,'® involves
reversible band gap redshift due to an iodine-rich phase. PL
and transient absorption spectroscopy can also be used to
detect changes in recombination kinetics due to halide segre-
gation. Once iodide phases are separated from the mixed halide
phase, the majority of the carriers can be trapped in this phase
promoting a more intense PL from the lower energy gap.*®>*

PCE of PSCs and operational lifetime are closely linked to
halide segregation. The open-circuit voltage (Voc) depends on
the optical band gap and radiative recombination efficiency,
which is influenced by defect creation within the band gap.”®
Such defects in segregated films cannot always be recognized
by decreased radiative recombination and the electrolumines-
cence yield can even be increased. Depending on the composi-
tion and stack, different losses may dominate. In some cases
Voc losses from halide segregation is less significant
than increased interfacial non-radiative recombination.>®
Mabhesh et al.’s analysis shows that iodide-rich phases formed
via halide segregation have a smaller band gap, thus reducing
Voc overall.’” Despite possible defect creation, radiative

This journal is © The Royal Society of Chemistry 2024
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recombination yield in a segregated film is not necessarily
suppressed, potentially improving the external quantum effi-
ciency (EQE) for electroluminescence. As well as Vo¢ loss, in
some cases, halide-segregated regions can hinder charge extrac-
tion, severely impacting photocurrent.>

To suppress halide segregation in mixed halide PSCs, there are
two main strategies as summarized in Fig. 3. (a) Choose a composi-
tion in which halide segregation is not energetically favourable
(typically Br <20%). For MHPs not containing MA/FA up to 40%
Br might be possible. Triple halide MHPs, containing Cl in addition
to I and Br, are promising to suppress halide segregation.>®* (b)
Mitigate ion migration by decreasing defect densities. Growing
single crystal quality MHPs, such as the recent method by Chen
et al. and Alsalloum et al. for MHP single crystal thin films (pure
halide), can stabilize mixed halide phases.®®" Defects near surfaces
and grain boundaries can be mitigated by passivating halide
vacancies with another material. Introducing Cs',** Rb*, or K * in
the mixed cation formula may prove effective for defect passivation.
Growing 2D MHPs over 3D structures has emerged as a promising
strategy to stabilize interfaces, providing strain relaxation for halide
phase stabilization.***® Varying cation sizes and anion tuning are
crucial for suppressing halide segregation.

D. Ion migration

MHP materials are mixed electronic/ionic conductors with a
low activation energy for the formation of mobile ions.®”*® The
presence of mobile ions has been shown to result in several
types of phenomena, from the presence of hysteresis when
scanning the current density-voltage (J-V) properties of a
PSC,%*"° giant photoinduced low-frequency capacitance,”* PL
quantum yield changes, halide segregation in wide band gap
MHP absorbers under illumination,*® to various irreversible
changes in the PSC performance occurring over time as a result
of external stresses as discussed in the next sections.”>”*

Experimentally, the density of mobile ions has been esti-
mated to be typically in the order of 1 x 10" em > to 1 x 10"
cm? in polycrystalline MHP thin-films used as the absorber of
PSCs.”*®® For comparison, these defect concentrations are
higher by a few orders of magnitude compared to typical values
found in conventional semiconductors (Si, CdTe, I1I-V).** How-
ever, despite containing higher defect concentrations, MHP
thin films exhibit excellent optoelectronic properties character-
ized with a sharp absorption edge®* and long charge carrier
diffusion lengths.®* From density functional theory (DFT) cal-
culations, it could be inferred that dominant defects with low
formation energies induce trap states close to the band edges,
while more harmful deeper defect states acting as non-radiative
recombination centres have a higher formation energy.®® This
peculiar behaviour is due to the strong antibonding coupling
between the Pb s and I p orbitals forming the valence band
maximum (VBM) and the high ionicity of the MHP material. As
a result, the VBM finds itself shifted upwards to a point where
most acceptor states form only shallow states.

From simulation and experimental data, A-site organic
cations and the X-site halides are the main ionic defects present
in MHP ABX; thin films, with the former forming in slightly
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higher concentrations but exhibiting a lower diffusion coeffi-
cient compared to halide-related defects.”” Experimentally,
halide-related mobile ions have been observed to migrate as a
function of external stresses (voltage, light, temperature) - first
within the MHP absorber itself,”*#*¢ but then also into the
neighbouring contact layers,®”®® altering their selectivity and
the PSC built-in voltage, and towards the electrodes, where e.g.
halides may react with the metal electrode to form insulating
compounds.”’*% A-site cation migration has also been shown to
cause similar reversible®® or non-reversible changes in PSCs under
illumination.”* Focusing on ion migration in the MHP absorber,
experiments and simulations have shown that several competing
photochemical processes may occur, leading to the healing of
certain types of defects and/or the formation of degradation
phases as a result of photoinduced defect formation reactions.”*

The initial concentration of mobile ions is heavily depen-
dent on the processing conditions,®® but this concentration
may also increase in time when operating the cell under light as
a result of several mechanisms. E.g., a reaction between neutral
iodine species and photogenerated holes may lead to the
formation of iodine vacancies and interstitials.®” In addition,
the photolysis of unconverted lead halide residues, one of the
MHP precursors, may induce the release of mobile iodine into
the MHP film®* as depicted in Fig. 2. In some cases, mobile
ions may screen the electric field in the solar cell, leading to
lower PCE.’* Furthermore, mobile ions may migrate into the
active area of a PSC from a neighbouring dead area through a
migration process driven by lateral differences in the electric
field between the active and inactive regions of a solar cell.”

Overall, while not necessarily impacting the performance of
metal halide PSCs in the as-deposited state thanks to a toler-
ance to point defects, the presence and migration of charged
defects impacts the long-term operational stability of PSCs, as it
will be detailed in the upcoming sections.

Multiple strategies have been explored for the mitigation of
ion migration,”® including MHP compositional engineering,
e.g. inclusions of large A-site cations,””°® reducing MHP
dimensionality,”®*° increasing the grain size and grain bound-
aries modification,'”'*> using additives such as ionic
liquids,'* polymers,'®* or potassium salts."®>'°® As described
later the introduction of passivation and blocking layers for
interface engineering'®”'*® is one strategy to reduce the negative
impact of mobile ions. To summarize, a precise control of the
MHP absorber composition (low initial density of mobile defects,
no Pbl, traces in the as-deposited state, single halide composition
to avoid phase segregation, etc.) and microstructure (large grains),
as well the use of passivation/barrier layers neighbouring the
MHP, are the most promising routes to minimize detrimental
effects induced by the migration of mobile ions.

4

E. Thermal decomposition

When exposed to high temperatures, MHPs decompose e.g.
into gaseous carbon and nitrogen compounds and solid Pbl,
whereby the exact decomposition products depend on MHP
composition and temperature.'®® The threshold temperature of
this process depends on the MHP composition and whether the
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PSC is illuminated or not. Schwenzer et al. observed that MA
containing MHPs are less thermally stable compared to FAPbI;
and FACsPbI;.'*° Abdelmageed et al. showed that MAPDI;,
decomposition starts at 75 °C under illumination, whereas it
only decomposes at 95 °C in the dark.'™ Conings et al. showed
with DFT calculations that the thermal energy at 85 °C is close to
the formation energy of MAPbI; and proved with EDX that Pbl,,
conductive Pb and I, are part of the decomposition products.**?
Abdelmageed et al. observed metallic Pb when MAPbI; was
exposed to 75 °C under illumination whereas only Pbl, formed
in dark experiments.""' Conductive atomic force microscopy (c-
AFM) shows that Pbl, areas are non-conducting."'”> The decom-
position begins at the surface, continues in the bulk and is faster
in ambient air than in inert atmosphere.*

Conventional industry qualification standards such as IEC
61215:2021 require long term stability at 85 °C ' as this can be
reached during outdoor operation. There are several reports
of PSCs based on MAPbI; being unstable under temperatures
up to 85 °C.M1012113 At 60 °C for 22 h or 55 h respectively,
thermal degradation of PSCs or MHP/Si tandems has been
observed''*'"® leading to a reduced shunt resistance and
indication of the formation of metallic phases.'"®

Thermal instability can be mitigated by additives or block-
ing layers that suppress ion migration. E.g., dimethylammo-
nium formate (DMAFo) was shown to increase stability under
85 °C and illumination."'® Thermotropic liquid crystals like
3,4,5-trifluoro-4’-(trans-4-propylcyclohexyl)biphenyl ~ (TFPCBP)
passivate MHP grain boundaries and thus enable 94% retain-
ment of initial PCE after 1000 h at 85 °C in nitrogen atmosphere
whereas the control device lost 22% rel. of its PCE.""” Cheng
et al. introduced CsPbl, gsBr; ;5 quantum dots between MHP
and NiO, in n-i-p PSCs to improve the stability of unencapsu-
lated devices aged at 85 °C and 50% RH in ambient air. PSCs
with quantum dots showed higher initial PCEs and retained
85% of their PCE after 400 h while the PCE of PSCs without this
modification decreased much faster and reached 85% the of
initial value after 150 h."'® Bi et al. inserted tri-s-triazine-based
graphitic carbon nitride (g-C3;N,) as a 2D diffusion barrier
between an Ag electrode and MAPbI; and obtained PSCs with
higher PCEs compared to devices without the barrier. They
simulated that this layer suppresses iodide diffusion by a factor
of ~10” and demonstrated with ToF-SIMS that nearly no iodide
moved to the Ag electrode. Therefore, encapsulated PSCs with
g-C3N, blocking layers retained 95% of their initial power after
1000 h damp heat (85 °C, 85% RH), whereas PSCs without this
layer showed significant degradation after 100 h damp heat and
lost 60% of the initial efficiency after 500 h.'*®

Additionally, Bi et al observed better stability for
FA( gsMA, 15Pb(1o.85B10.15)3 MHP than for MAPbI;. Thus, ther-
mal stability of PSCs can be significantly improved by introdu-
cing suitable blocking layers for ion migration and adjustment
of MHP composition.

F. Mechanical properties

The hardness determined by nanoindentation of MHP is low
(see Table 2) compared to Si (~13 GPa'*°) and similar to that of

This journal is © The Royal Society of Chemistry 2024
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Table 2 Hardness of different MHP compositions determined by nanoindentation

MHP structure

Hardness [GPa] from nanoindentation depending on crystal orientation

2D Layered (C¢HsCH,NH3),PbCl,:H
MAPbDI;

MAPDCl;

MAPDbBT,

CsPbBr;

MAPbI, 1Br, o

MAPb(IOJBrO..%)Ps

FAy.23MA, 77PbBr3

FAo.54MA 46PbBr;

FAPDbBr;

cell interconnect coatings like eutectic SnPb (0.2 GPa'*").
This implies that cell interconnectors, e.g. made from Cu with
~2 GPa hardness,"** might be pushed through the MHP layer
and shunt the PSC at even low pressures (e.g. soldering/gluing,
during module lamination or finger screen printing). It can be
assumed that MHPs behave similarly under tensile forces and
that tension caused by cell interconnect ribbons therefore may
cause cohesion fracture of the MHP layer.

We suggest investigating whether there are harder MHP
compositions - ideally harder than the interconnectors (e.g.
>2 GPa) - and, if applicable, if PSCs made out of such MHPs
are easier to interconnect to strings. However, one needs to
make sure that the hardness of MHP brings no other disad-
vantages. Sun et al. observed superior hardness for MAPbI;
single crystals compared to MAPbBr; and MAPbCI;."** Rakita
et al. state that the mechanical properties mainly depend on the
metal-halide bond rather than on the A-site cation being
organic (e.g. MA") or inorganic (e.g. Cs")."*® Ma et al. showed
that the mixture of Br/Cl significantly increases the hardness of
MAPDBr,Cl;_, MHPs and that the MA/FA ratio influences the
hardness of FAMAPbBr; MHPs.'*® According to Tu et al. 2D
MHPs have an even lower hardness than their 3D counterparts
as some of the inorganic layers are replaced by soft organic
layers. However, increasing the number of inorganic layers
from 1 to 5 in 2D MHP structures can increase their hardness
from ~0.3 GPaup to ~1 GPa."” Another mitigation strategy is
the use of methods where the interconnect on top of the MHP
cannot connect the underlying electrode e.g. by introducing a
hard, insulating layer below the interconnection area as in the
electrically isolated buried contact (EIBC) concept.'*°

C. Cell-level specific degradation
mechanisms
In the following, degradation mechanisms introduced pertain-

ing to the interaction of cell device layers, and their associated
mitigation strategies are explained.

A. Charge transport and passivation layer reactions

Charge transport layers (CTLs) must remain stable and allow
good functionality of the PSC under operational stressors:
illumination, heating, electrical potential across the cell, and
mechanical stress. There are a variety of ways in which a given

This journal is © The Royal Society of Chemistry 2024

0.27-0.38'%

0.42-0.46,"** 0.47,"*° 0.55-0.57,"° 0.76,'*” 1.0'*®
0.25-0.29'%*

0.26-0.31,"2* 0.32'*° 0.36,"2° 0.54'*7

0.34'°

0 63‘125

0.57%°

0.37'%

0.43'%%

0.36"*°

material could exhibit instability. E.g. the doping levels in the
electron transport layers (ETL) TiO, are unstable under UV
illumination, which changes its defect densities and affect its
operation in a cell."*>'*" Some self-assembled monolayers
(SAMs), which are currently very popular hole transport layer
(HTL) choices, appear to be unstable under illumination due to
an electrically isolated electron-rich moiety.'*> Non-fullerene
acceptors, also candidates for ETLs, suffer from photochemical
reactivity due to the presence of a vinyl linker in their
structure."*?

The interactions between CTL and the MHP layer introduce
more varied reaction pathways. Acid-base reactions can occur
between elements of the MHP lattice and the CTL. E.g., acidic
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PED-
OT:PSS) has been observed to react with tin-containing MHPs,
causing device degradation under extended heating at 85 °C."**
ZnO, an amphoteric ETL, can react to deprotonate MA cations
in MA-containing MHP compositions, which is accelerated
under heating and causes Pbl, formation.'*> NiO,, a base,
can also react in the same way to deprotonate MHP
cations.™°

It may seem desirable to add dopants to CTLs to improve
conductivity. However, introduction of dopant species can also
cause more degradation pathways: due to the ionic nature of
the MHP material, CTL dopants may diffuse into the MHP. This
can cause de-doping of the CTL and can also cause degradation
if the dopant is reactive with the MHP material.'*” Further-
more, direct contact with the MHP material leads to the
diffusion of ionic species from the MHP, most notably iodine,
into the CTL. While in some cases this may be beneficial,
iodine ingress is thought to be one of the main causes of
drastic instability of the extremely common and highly-
performing  2,2/,7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-
9,9’-spiro-bifluorene (spiro-OMeTAD) HTL. The iodide species
can effectively de-dope the spiro-OMeTAD resulting in rapid
degradation of performance when heating to 60 °C.**®'*° The
common use of hygroscopic dopants in spiro-OMeTAD is also a
likely degradation route - bringing moisture directly into the
MHP."*°

As well as chemical interactions, mechanical interactions
can be a degradation route. A mismatch in thermal expansion
coefficients or poor adhesion can cause delamination or
mechanical deformation of CTL layers upon heating. Schloe-
mer et al. showed that MoO,, part of an HTL stack, buckled and
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Table 3 Rough guidelines on stability of different MHP compositions. Note that stability also highly depends on processing conditions. Illum. means

ilumination and RT room temperature

MHP Composition Band gap Stable® Comments on phase stability Conclusions

CsPbl; 1.77 eV¥! =35 92 Rather low efficiency, prone to phase change to inactive
compound and air sensitive, but higher heat & moisture
resistance and photostability compared to organic MHP

FAPbDI; 1.47 eV'3! Not @RT'3, | Higher heat resistance compared to MAPbI3 Multi cation or other

'§ but @150 | High reported SJ efficiencies stabilization methods

8 xC needed to obtain stable

%Ian MAPDI; 1.55eV"! Not @ 75 | Stable in operating temperature range in the dark, structures in whole

;,% o + | Phase stable, but degradation under heat + light operating temperature
illum.'"® range

MAPbH(IysBro2); 1.66 eV'3? Not @ 75 °C | Improved moisture stability compared to MAPbLI;'3* as water

+ illum. adsorption increased for I compared to Br'3
Halide segregation for Br/I > 0.2* (e.g., Fig. 4 in'>*)
FAosMA,,Pbls 1.53 eV'®» @RT upto~ | MA exhibits low light + heat and moisture resistance, stability to MA-free MHP might

= 25% MAP be investigated for whole operating temperature range have increased light +
;E Csg.15F A gsPbls 1.51 eV Probably up | Higher structural stability, increased heat & moisture resistance heat & moisture
é to ~ 18% Cs | compared to MA-based MHP resistance!3®
_ﬂca (see Fig. 6a | Cation segregation under 1 sun illum. was observed for
E in'?) Cso.15F Ao.ssPbls (with Pbl; residues in the as-deposited state)** Triple cations might
%D Cso.10FA¢.8sMA 0sPbls 1.56 @RT (see Cs0.001FAo.75sMAo.152Pbls same Goldschmidt tolerance factor as be more stable ag.ainst
;% eVl Fig. 6b inlg) Cso.15F Ao ssPbls, but more stable against cation segregation under phase segregation

1 sun illum.*, probably lower heat resistance due to MA gompaxedto double

decomposition cation MHPs*

FAssMA 15sPb(1os5Bro.1s 1.63 eV?3° Higher heat resistance compared to MAPbI;!'"?

)3 Stability under constant illum. highly depending on film Br to increase band
morphology/processing®®; more prone to phase segregation gap to be suitable for
than Cs/FA or MA/FA/Cs MHPs* MHP/Si tandems

Cs0.17F Ao s3Pb(I073Bro27); | 1.72 eV# Stable under 1.5 sun illum.*

Higher heat resistance than with MA High Br/I ratio may

Csg.0sFA0sMAg.15 1.68 eV'3# Triple cations (high crystallinity) might be most promising in lead to halide

Pb(Iy.75Bro.2s)s é terms of preventing halide segregation* segregation

‘S Cs0.17F A0.83Pb(I.6Bro.4)3 1.75 eV*® %D CsFA allows higher Br/l ratios without phase segregation
8 ué compared to MA (still less than 50% @0.5 sun illum.)'*® IAncrease b_an_d gap by
s 2 high Cs ratio instead of
E" Cs04FAo6Pb(lo7Br033)3 1.75 eV*® & Probably increased photostability with low Br and high Cs ratio®® |Br: probably less phase
2 Be careful with cation segregation segregation

See Fig.1g in®® for exact impact of Cs/Br ratio on band gap
g | ee 1.67 eV*® Optimal band gap for MHP/Si tandem solar cells
E Cs022FA0.7sPb(Io.85Bro.15)3 Increased stability under light + heat>® Triple halide might be
E + 5% MAPbLCI;* less prone to halide
%‘ segregation
=

“e.g., phase stable for Goldschmidt tolerance factor between 0.85 - 1.0 in operating temperature range (-40 °C to +85 °C) or thermodynamically

calculated stable alloying

deformed causing degradation when heated at 70 °C.""

Mechanical weakness of the common Cg, ETL has been shown
to be a weak point where delamination can occur in the MHP
stack.'>?

Several promising options for improved stability are reported:
for HTLs - undoped PTAA and other polymers, modified NiO,"*
and some SAMs designed for photostability'** and for ETLs -

7574 | Energy Environ. Sci., 2024,17, 7566-7599

SnO,, Ce (note point above regarding mechanical stability), and
modified TiO,.*”"*>*

A common strategy to improve performance is to insert a
thin passivation layer in between the MHP and ETL, HTL, or
both™? as it is sketched in Fig. 4. In-depth studies of the
influence of passivation layers on stability are yet to appear,
but some important findings are becoming apparent already.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 CTLs, especially doped ones, can react with MHP ions. This can be
mitigated by using not reactive, intrinsically stable CTLs (without dopants)
and/or introducing stable passivation layers between the CTL and MHP
layer that block these reactions.

Passivation layers can also introduce instability pathways. It
has been shown that some passivation materials undergo
similar redox reactions as CTLs, and that some may diffuse
into the MHP in similar ways.'>®*>”

In all cases discussed above, degradation is caused or
accelerated by illumination and/or heating. Therefore, to test
empirically whether a proposed CTL or passivation layer is
stable when incorporated into a device stack, we propose that a
combined heat + light stability test will be most effective as a
screening tool. To make rational choices for stable CTLs, it is
desirable to choose an intrinsically stable material, minimize
reactivity with the MHP by selecting a material that is preferably
not acidic/basic, and run heat and light screening tests to check
for unexpected degradation routes. The most stable CTLs for
PSCs will probably be inorganic rather than organic, e.g. metal
oxides'®® or sulphides even though they do not reach highest
efficiencies yet.">”

B. Electrode-induced degradation

Within a PSC, differences in energy levels and chemical gradi-
ents in the electrode, CTLs, and MHP absorber can actively
facilitate the exchange of ions across these layers.'®® Migration
of electrode atoms into the MHP layer can induce chemical
reactions or changes in the potential landscape, which impact
device performance and stability. The mobility and reactivity of
electrode atoms/ions may be accelerated by factors such as
temperature and built-in or external electrical fields.'®""®?
Concurrently, degradation pathways are influenced by factors
like local defect density, the accumulation of MHP absorber
degradation products, and the composition of electrode
materials.”® Typically, low work function metals such as Au,
Ag, Cu, Ni, and Al are favored as electrodes due to high
conductivity, high reflectivity, and closely matched work func-
tion with CTLs. For these reasons, architectures with metal
electrodes, Au and Ag specifically,'®*'®* produce the highest
PCE devices. Au, Ni*®® and Cu'®® are shown to enable the most
stable devices. Due to an unmatched work function and its
tendency for oxidation Ni limits the maximum performance of
a device.'®* Though, regardless of the work function mismatch,
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recent reports have shown Cu electrodes enabling high per-
forming and stable devices, comparable with the PCE of devices
with Au electrodes."®®

While some metals are relatively stable in contact with the
MHP structure (e.g. Au), almost all metals are reactive with
MHP decomposition products (such as MAI, HI, CHsl, and
I,).”>%71%8 g g. it is well known that Ag electrode devices suffer
severe degradation due to the formation of AgI both within the
absorber and electrode.’®®'”® Furthermore, metal atoms can
diffuse into the bulk of the MHP absorber layer and create deep
trap states, or insulating metal halide species which decrease
device performance and stability.">***" E.g., from the reaction
of iodide/iodine with Cu, Al, Ag, and Au can lead to the
formation of an insulating layer at the interface.'”*

Various characterization techniques can be employed to
detect and quantify metal electrode diffusion, including ToF-
SIMS, >+ EDX,"">'7* XRD,"®”"'”* X-ray photoelectron spectro-
scopy (XPS)."*”'”® These methods provide valuable insights for
evaluating the extent of electrode material migration into the
MHP or CTLs and gauging its consequential impact on device
performance. Performing EDX on cross-sectional samples is
useful in detecting the distribution of electrode atoms diffusing
between layers. E.g., Liu et al. show significant Ag diffusion into
the absorber after thermal deposition of the electrode, resulting
in a severe loss in Voc using scanning transmission electron
microscopy (STEM)-EDX.'”® Domanski et al. identified with
ToF-SIMS significant gold migration through spiro-MeOTAD
into the MHP layer at 70 °C causing an irreversible loss in Vo,
short-circuit current (Isc), and fill factor (FF)."®' Insulating
metal halide layers as e.g. enhanced formation of Cul at the
MHP/electrode interface when a device is exposed to air can in
some cases be detected by XRD.'”*

Additionally, Kerner et al. detected rapid formation of Pb° at
the surface of a gold electrode in contact with MAPbI; MHP
with XPS."”® Not only the MHP degrades, but also the conduc-
tivity of Ag electrodes is shown to decrease by two orders of
magnitude due to corrosion by iodide within 500 h at elevated
temperatures.*°

Mitigating electrode ion diffusion and preventing the reac-
tion of the electrode with mobile ions from the MHP layer is
crucial for extending the operational lifetime of PSCs and is
summarized in Fig. 5. The most common strategy to address
these challenges is the introduction of a diffusion barrier. As
shown by Chen et al the utilization of titanium between
MAPDI; and Au or Cu cathodes can passivate the MHP interface
and prevent metal cathode atoms from diffusing into the
absorber. The devices with a Ti interlayer maintained 90% of
their initial PCE for 15 days, while devices without this inter-
layer lost 100% of their PCE after only 5 days.'’® Metal oxides
also show promise in reducing electrode migration into the
MHP layer. Liu et al. show a dramatic improvement in V¢ by
the introduction of a ZnO layer between the ETL and Ag
electrode’”® (however, notice that ZnO can react with
MHPs'*). Additionally, Kaltenbrunner et al. and Bi et al
introduced a Cr-Cr,0;""” or g-C;N,"'? interlayer that effectively
protects the metal top contacts from reactions with the MHP

Energy Environ. Sci., 2024,17, 7566-7599 | 7575
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Fig. 5 MHP constituents, especially iodide and MHP degradation products react with the metals typically used as electrodes. Thereby, insulating layers
may form and hinder efficient charge extraction. Mitigation strategies are the introduction of blocking layers between the MHP and the electrodes or the
usage of carbon based/TCO electrodes. However, ITO can be reduced to In° by A* ions.

degradation products. Similarly, several research groups use
MoO, interlayer to protect an Al electrode.">*"”® Several organic
cathode interlayers between PCBM and Ag or Al electrodes were
suggested to prevent reactions to metals in p-i-n PSCs. E.g.,
some carbolong derivatives,"”® polyoxometalate complexes'®’
and rhodamine-functionalized dodecahydro-closo-dodecaborate
derivate’® have been shown to extend the device lifetime
compared to the control devices with metal directly deposited
on top of ETL. ALD deposited SnO,"® as well as indium tin oxide
(ITO) (or indium zinc oxide (IZO)) layers and Lewis-acid layers
between electrode and a dopant-free polymer'®* can also serve as
a blocking layer, but only if they are dense and uniform."®%"*
However, the diffusion of cations from the MHP absorber (such
as MA" and FA") can cause the acid-mediated ITO reduction to
In°.'8>18¢ This was hypothesized to cause the degradation in
PSCs where the CTL does not provide sufficient ion blocking."®

Further investigations include alloying metal electrodes or
creating bi-layer metal configurations to enhance electrode
stability. Alloying Ag and Al is shown to form an AlO, layer at
the CTL/electrode interface preventing migration of Ag atoms
into the MHP. Using this strategy, Jiang et al. report significant
stability improvement with almost no change in the V¢ after
360 h aging in air with 10% humidity, while comparable devices
with an Ag contact show a Voc drop by 85% in the same
conditions.'®® Similarly, the insertion of a thin layer of Cu'® or
Au" below an Ag electrode considerably lowers the diffusion of
MHP decomposition products into the CTL and Ag electrode.
Depositing Cr between the spiro-MeOTAD (HTL) and the Au
electrode has similar stability enhancing effects. Domanski et al.
showed that with a 10 nm-thin layer of Cr no Au traces can be
found in the MHP after 12 h at 75 °C and 1 sun illumination with
inductively coupled plasma mass spectroscopy (ICP-MS).'®*

Even with a diffusion barrier, reactions at the interfaces
MHP/CTL and electrode/CTL can alter the charge extraction
and carrier recombination properties of the CTL interface. The

7576 | Energy Environ. Sci., 2024,17, 7566-7599

inherent tendency of metals to react with MHP and their
decomposition products is a critical challenge to solve. Due
to this, efforts have been undertaken to eliminate elemental
metal from the device stack entirely. The use of carbon-based
electrodes** and TCOs'**'% leads to a promising increase
in reliability compared to elemental metal. Highly transparent
conducting electrodes typically exhibit higher electrical losses
than metals. However, S] PSCs often have anyway a TCO on the
illuminated side such that a metal contact on the other side
does not significantly decrease the resistive losses. In case of
MHP/Si tandem solar cells, four times higher resistances in the
contacts can be accepted due to the halved current compared to
Si. Furthermore, some TCOs can prevent reactions between
MHP and metal, i.e. metal grids can be placed atop of the TCO
so that the charge carriers only need to pass short distances
within the TCO and the higher resistance of the TCO can easily
be tolerated.

C. Instability due to strain induced by differences in
coefficient of expansion

The thermal expansion coefficients (CTE) of different materials
used in MHP or MHP/Si tandem modules vary significantly as
summarized in Table 4. The CTE of MHP (depending on the
composition) is much higher than that of glass, silicon or ETLs.
Typically, the MHP structure is formed at 100 °C on a substrate
with much smaller CTE such as glass or Si. Therefore, the MHP
cannot contract as it would without the substrate and tensile
strain results during cooling to room temperature'®® as
sketched in Fig. 6. The lattice strain is significantly smaller
on a polyethylene terephthalate (PET) substrate than on ITO/
glass due to the larger CTE of PET compared to ITO/glass.'*®
Forming the MHP at room temperature results in unstrained
MHP films, which is important for stability as strain lowers the
activation energy for ion migration."® Since the ITO surface is
rougher than the bare glass surface, strain relaxation is slower

This journal is © The Royal Society of Chemistry 2024
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Table 4 Thermal expansion coefficients (CTEs) of several materials of
MHP (-Si Tandem) modules

Material CTE (10-60 °C) [10 ®* K]
Glass 3.71%

Si 2.6

PET 20-80"9%197
ITO 8.5
MAPbI, 61,'%¢ 58.2'%8
MAPbBT; 32198
MAPbCl, 29.6'%8
FAPDI, 202197
FAPbBr; 150290
CsPbl,Br 84201
CsPbCl;, 134792
CsPbBr; 502%°

Sno, 3.7%%

TiO, 11203

MHP formed at room
temperature and/or with
strain relaxing additives

MHP formed at 100 °C

I

Pbl, formation due to
tensile stress
ciL |

CTE (substrate) << CTE (MHP) | |

cooling

PET(S))

Fig. 6 MHP formation at elevated temperatures on substrates with
significantly lower CTE than MHP (like Si and glass) results in tensile stress
within the MHP layer that leads to Pbl, formation over time. Furthermore,
stress can be decreased by MHP formation at room temperature and for SJ
PSCs on PET substrates.

for MHP/PTAA on ITO/glass than on glass. On glass the strain is
shown to relax after 7 days and continuous illumination, which
accelerates strain relaxation.’®® On ITO/glass, however, no
relaxation was observed after two weeks and the PbI, XRD peak
increased, which means that the MHP decomposes'®® (possibly
also due to additional effects besides the strain).

Mitigation possibilities might be the replacement of the
annealing step for MHP formation by e.g. 12 h at room
temperature.”®® Furthermore, additives like octylammonium
iodid (OAI) can be incorporated into A-site vacancies of
FA,.s5MA, 15Pb(Iy g5Brg.15)s5t0 decrease tensile stress by over
40%. Alternatively, phenethylammoniumiodide (PEAI) can
mitigate instabilities due to strain.>°> However, it was shown
that post-annealing to 120 °C might lead to a reformation at the
MHP/substrate interface and resulting strain.>°® Therefore, it
needs to be evaluated whether a high temperature step during
module lamination leads to detaching of the MHP from sub-
strates with a large CTE mismatch and whether the above-
mentioned relaxing additives can also mitigate this form of
stress.

D. Extrinsic induced degradation
mechanisms

The following degradation mechanisms occur when PSCs are
exposed to external environmental influences such as external
voltages or ambient air that contains water vapor and oxygen.

This journal is © The Royal Society of Chemistry 2024
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A. Degradation due to illumination

The exposition of PSCs to light, visible light sometimes com-
bined with UV light, and elevated temperatures typically leads
to an irreversible degradation and belongs to the most critical
stressors for PSCs. A feature often observed is that PSCs are
stable when illuminated at room temperature or when exposed
to elevated temperatures (e.g. 85 °C) in the dark but not when
the two effects are combined. In other words, the combination
of photogenerated charges and elevated temperatures usually
drives the degradation of the device. Indeed, photoelectro-
chemical processes have been found to occur when PSCs are
illuminated, with photogenerated charge carriers impacting the
ionic dynamics, a temperature-dependent process.®”

Various failure modes are triggered or significantly acceler-
ated by the combination of illumination and heat, including
many of the degradation pathways already discussed in this
review. In summary, Pbl, precursor residues not converted to a
MHP phase can decompose under blue light, with the photo-
lysis degradation products triggering a degradation of the
neighbouring MHP regions.”® As already mentioned above,
mixed MHP materials can undergo a phase segregation process
when illuminated, with low bandgap regions then dominating
the photoluminescence properties of the material.”®” While the
process is mostly reversible, extended phase segregation may
lead to irreversible changes in the materials properties as a
result of a reorganization of the material®®® and likely a loss of
material (through outgassing, see below).>°® In addition, illu-
mination leads to the generation and redistribution of mobile
ions depending on the electric field, which can eventually
screen the electric field in the absorber, hindering the extrac-
tion of photogenerated charge carriers.’*

The outgassing of volatile decomposition products, typically
through cracks/disruptions in the electrode deposited on the
MHP, has also been observed.>® These iodine-based gaseous
compounds may then react with the metal electrode, forming
insulating Agl, compounds as discussed beforehand.*® It is
worth noting that the use of a lamination foil should effectively
block the transport of gaseous species.

Several researches indicate the particular role of the UV part
of the spectrum in causing PSC degradation.>*®

The sun-facing contact and electrode materials may also
degrade when exposed to light, especially in the presence of UV
light.*° A notorious example is the UV-induced degradation of
the TiO, electron transport layer used in the first generation of
PSCs as reviewed by Boyd et al,'® particularly in the UV-B
range”'’

The use of a UV blocker (e.g, in the encapsulation material)
should alleviate some of these issues. However, this would limit
the fraction of the solar spectrum available for the absorber
and, therefore, decrease the device Jsc and PCE of the cell.
Alternatively, the UV downshifting materials that absorb the
light in the UV region and re-emit visible photons could be
used. They could simultaneously achieve favourable optical
properties and improved device stability.>'! However, this topic
is still in the early stages of development and today there are no
efficient and cost-competitive solutions yet.
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Despite these challenges, the operational stability of PSCs
when exposed to light and elevated temperature in the labora-
tory has been progressing over the years. The use of inorganic
or hybrid organic-inorganic single-halide perovskites, in both
cases with 2D capping layers, has enabled the demonstration of
small-scale PSCs with excellent durability when illuminated at
85 °C or more (e.g., 97% of the initial stability retained after
1000 hours at 85 °C)."*>*'*> The challenge now is to replicate
these promising results with large-area industrial modules and
then validate in the field their improved reliability.

B. Reactions with water vapor

The NH;" group within MA" is hydrophilic*'® such that the
bond between MA' and metal or halide ions is broken by
H,0’" and an intermediate monohydrate and in the following
a dihydrated MHP phase can form.”**'*?!® Those reactions are
reversible but once the MHP is moisture saturated, the hydra-
tion will become irreversible. MAPbX; (X =1 /Br /Cl7) e.g. will
decompose to aqueous MAX and solid PbX,.>'**'” The inter-
mediate monohydrate MAPbI;-H,O can be recognized by its
yellow colour and all degradation products can be confirmed
with XRD.*'®

Water adsorption is stronger for I than for Br~ ions. Noh
et al. reported that MAPb(I, ,Br,); solar cells with 20% and
29% Br fraction have much improved dark storage stability in
air with RH between 35% and 55% compared to cells with lower
Br composition.”>"** However, moisture-induced surface
defects assist halide migration, trapping ions and creating
Br~ and I™ rich domains.>'®?*® Therefore, high humidity
accelerates halide segregation.”” Fig. 7 summarizes the effects
of water vapor on PSCs and mitigation strategies. As FA" and
Cs" are less polar compared to MA®, water adsorption can be
lowered by modifying this part of the MHP composition.*"?

In addition, the contact layers also impact the stability of
PSCs under humid conditions. A common HTL, spiro-
OMEeTAD, is doped with hygroscopic lithium-bis-(trifluoro-
methane)sulfonimide (Li-TFSI) and is therefore unstable in

= ALO, | Si0, = =

Instable
Doping

@ik

O
o D
O
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—_— (quasi) 2D MHP B
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MAPbX, ‘D 9
o o
MHP T a
o 2
3 Q
B
MAX + PbX, i
MHP containing FA* / Cs* T

cTL —
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© Interstitial

Fig. 7 Water vapor can react with the MHP resulting in decomposition in,
among others, PbX; visible by a yellow colour. Decomposition products
are highly reactive with metal electrodes. Furthermore, water vapor can
induce instabilities in (doped) CTLs and moisture induced defects enhance
ion movement resulting in halide segregation. Mitigation strategies are
barrier layers, hydrophobic CTLs, (quasi) 2D MHP on top of 3D MHP and
avoiding of MA* or encapsulation (see Fig. 11).
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humid environments.>*” TiO, (often used as ETL) is hydrophilic
as well and the ETL material [6,6]-phenyl C61 butyric acid methyl
ester (PCBM) also accelerates degradation with moisture because
it is water absorbing.>'* Therefore, CTLs should be carefully
chosen taking their stability into account. Furthermore, the
MHP degradation products due to moisture like PbI, react with
the metal electrode'”>*** as it is described in Section C-B.

Several reports of devices passing damp heat tests suggest
that a sufficient encapsulation can mitigate moisture
degradation.?****® Possible encapsulation processes include
glass-glass modules with an edge seal®****® which will be
described in Section E-C. An alternative strategy is the applica-
tion of thin films directly onto PSCs. An ALD grown Al,0O;
capping layer not only protects PSCs from moisture but can
even improve hole transport as it infiltrates spiro-OMeTAD.>*’
45 nm sputtered SiO, barriers on top of MAPbI; and 300 nm
SiO, on top of a triple-cation MHP significantly improved
stability in nitrogen atmosphere with 85% RH whereby the
degradation was imaged by laser beam-induced current
(LBIC).>*® However, these capping layers are often not scalable
to large areas and might damage MHP layers during
application.?* It has been shown that 1 nm thick MgF, inter-
layers between MHP and ETL can also increase stability, with
95% of their initial PCS being retained after >1000 h at 85 °C
and 85% RH.>*’

For flexible modules, packaging is an even bigger challenge
as no glass can be used and the flexibility of capping layers such
as Al,O; needs to be considered.?*°

There are several reports on an improvement of the crystal-
linity of MHP and therefore the PCE of PSCs due to a certain
level of humidity during fabrication or a posttreatment with
231,232 However, there is no universal rule for optimal
humidity levels, and it might strongly depend on the processing
route. The atmosphere during preparation should be controlled
to obtain consistent results. The stability of PSCs themselves
against moisture might be improved by using 2D/quasi 2D
MHPs>*? or inserting a 2D MHP layer between ETL and MHP.>*®
Furthermore, optimizing the MHP composition with additives
can improve moisture stability. The additive TFPCBP e.g. leads
to retainment of 96% initial PCE after 3000 h at 45% RH in
ambient for unencapsulated devices compared to 75% for
control devices and to 86% (with TFPCBP) compared to 51%
(control) for encapsulated devices after 1200 h in 85% RH and
85 °C, respectively.”** Cheng et al. also observed an improve-
ment from 62% of initial PCE after 1000 h damp heat test at
85 °C and 85% RH for encapsulated modules to 86% by adding
MHP quantum dots between the MHP and the NiO, HTL.''®
PSCs with these quantum dots even retained their black colour
after dipping into water for 45 min without encapsulation.
Additionally, CTLs should be as hydrophobic or non-
hygroscopic as possible. Therefore, NiO, is shown to be much
better suited than PEDOT:PSS.>**

water.

C. Reactions with oxygen

The exact degradation mechanisms of PSCs in an oxygen-
containing atmosphere are not fully understood but they are

This journal is © The Royal Society of Chemistry 2024
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accelerated by exposure to light, heat, and/or applied voltage
bias. Reactive oxygen species can be generated which damage
the PSC.*>° One of the main degradation mechanisms is the
oxidation of the organic cations, such as MA" or FA".>*® The
reaction with oxygen molecules can form amine oxides or nitro
compounds with the N-H bonds in the organic cations. This
reaction can cause organic species to decompose or volatilize
from the MHP layer resulting in the loss of organic cations and
the formation of vacancies or defects in the MHP structure,
which is depicted in Fig. 8. These defects can decrease MHP
crystallinity, decrease conductivity, and enhance phase
segregation.">>*”

Another degradation mechanism is the oxidation of metal
halides, such as Pbl,. Oxygen can react with metal halides
and form oxyhalides or metal oxides, such as PbO or PbO,,
which decreases the conductivity and stability of the MHP
layer.>*® Furthermore, oxygen molecules can interact with the
trapped charges in the MHP layer generated by light irradia-
tion or bias voltage. In the dark, higher stability of PSCs upon
exposure to oxygen has been observed.>*° Trapped charges
can disrupt the crystal structure of the MHP material and
create defects or vacancies facilitating the diffusion of oxygen
or other molecules into the MHP layer and resulting in
reversible degradation in dry air.>****' Organic CTL layers
are often susceptible to oxygen-induced loss of conductivity,
where oxygen reacts with the C-H bonds in the organic
materials and forms carbonyl or carboxyl groups, which
affect their carrier mobility, and contact quality.>**">** Typi-
cally at least one CTL in PSCs consists of organic materials or
small molecules and polymers, (e.g. poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) and spiro-OMeTAD as HTLs
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and PCBM as an ETL). Spiro-OMeTAD requires some oxida-
tion to decrease the series resistance in devices. However, as
mentioned above, the Li-TFSI dopant of Spiro-OMeTAD is
very moisture-sensitive. Therefore, a Li‘-free hydrophobic
HTL was proposed by using a preoxidized salt of the hole
transporter itself (e.g. Spiro-OMeTAD" TFSI~).”*>'>* PTAA and
poly(3-hexylthiophene-2,5-diyl) (P3HT) on the other hand,
act as better barriers for oxygen than Spiro-OMeTAD
slowing down the rate of decomposition as reported by
Kundu et al.>**?*

Looking at inorganic CTLs, oxide transport layers such as
TiO,, SnO,, MoO,, and NiOy are often used for efficient devices.
For instance, metal oxides such as TiO,, especially under UV
light, favour the photoinduced desorption of O, out of the
metallic oxide, generating vacancies that serve as deep electro-
nic trap-states for charge accumulation and recombination
across the ETL. But it also leads to the TiO,-mediated photo-
catalytic decomposition of organic materials in the MHP
absorber layer.”*?*®**” gn0, is now a popular choice as an
ETL as it minimizes the intrinsic UV activated deep traps
leading to more stable devices.

Reactive oxygen species can also migrate from one layer to
another through diffusion or electric fields, causing cross-layer
degradation in PSCs. Furthermore, oxygen molecules can oxi-
dize the metal electrodes or contacts of the PSCs, such as Cu or
Ag. This forms oxides that can increase series resistance or
decrease the shunt resistance of the device.>****° Similarly, the
X-site species formed due to the degradation of the MHP layer
under oxygen diffuse to the metal electrodes and contacts
leading to their corrosion, especially in the presence of an
electric field.*°

Fig. 8 Organic components can be removed from MHP due to oxidation of MA™ or FA*. The resulting interstitials enhance halide segregation.
Additionally, oxygen can react with Pb, with the metal electrodes or CTLs negatively impacting conductivity, stability and/or contact quality.

This journal is © The Royal Society of Chemistry 2024
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Sn-based MHPs are especially sensitive to oxygen because
Sn(u) is susceptible to oxidation to the Sn(wv) state even under
encapsulation. The development and understanding of Sn and
mixed Pb-Sn MHPs is crucial due to their ideal band gaps as
bottom sub cell of all-MHP tandem PV. Therefore, a lot of effort
was made to mitigate their oxidation. For instance, SnF, was
used as an additive to suppress the oxidation of Sn** to Sn**
induced by the formation of Sn vacancies and interstitials. Lim
et al. studied the degradation pathways of Sn-only and mixed
Pb-Sn MHPs under ambient air. They suggest that the degrada-
tion mechanisms of the Sn-only films can be solely related
to Sn-vacancy formation and self-doping effects, while in
the mixed Pb-Sn films, it involves the formation of deep trap
states corresponding to the defect chemistry present in Pb-only
MHP.72'250

The combination of light, high temperature, high humidity,
and/or applied voltage accelerates the degradation of MHP
films under oxygen to a greater extent.>** Therefore, it is
important to study the stability of PSCs under different condi-
tions and find ways to improve their durability and reliability.
In that context, several strategies have been investigated such
as using more stable MHP materials by compositional tuning
(cation or halide) that can resist oxygen-induced degradation
better than pure MA or FA-based MHPs.?**?*° Furthermore,
protective coatings and effective encapsulation materials (such
as polymers, glasses, or metals) or techniques that can prevent
or lower the ingress of oxygen can protect the MHP layer and
the electrodes from oxidation.">**® Other mitigation techni-
ques include additives or passivation agents that decrease the
formation of defects or vacancies in the MHP layer and improve
its electronic properties. In addition, adding dopants to the
charge transport layers, such as ionic liquids, metal oxides, or
carbon nanotubes, can hinder oxygen penetration.>*’

D. Reverse bias

As it will be further described in Section E-B, solar cells need to
withstand negative bias voltage. However, it has been shown
that even less than —5 V of reverse bias may lead to degradation
of PSCs**"*** in contrast to Si solar cells which enable stable
modules up to their breakdown voltage Vpq & —13 V to —20
V.'®2%% In Si V4 is the threshold voltage of avalanche break-
down whereas the breakdown in PSCs is suggested to be caused
by trap-assisted tunnelling.>*>*** For PSCs Bowering et al.
defined V;,q as the voltage at which the current density (/) in
dark J-V curves is below —1 mA ecm 22°"2° An overview of
several published V},q for PSCs ranging from —0.2 Vto —8 V can
be found in Wang et al.>*® and a V,q of —15 V was recently
reported by Jiang et al.*®” Furthermore, Vi,q depends on the
types of contact employed and density of mobile ions.”*"?*?
According to Bowring et al. and Bertoluzzi et al., applying
reverse bias to a PSC leads to band bending probably resulting
in cation accumulations (mainly iodine vacancies due to their
low activation energy) at the interface between MHP and HTL
and an anion excess close to the ETL.>*"***> The band bending
increases with higher negative applied voltages until holes
might tunnel from the ETL conduction band into the MHP
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valence band likely assisted by traps.**> This tunnelling might
lead to an excess of holes over electrons (about 20 times), which
may lead to an oxidation of iodide.>**> Even short exposure to
reverse bias can result in the unusual -V curve distortion,
characteristic of a tunnel diode (with partially negative differ-
ential resistance).>®® Prolonged exposure even to small reverse
biases results in a MHP decomposition assigned to iodine
loss.>®* As long as the iodine does not leave the PSC, the
reaction is reported to be (partially) reversible.>*"**° Also,
iodine has been detected in the C60 layer after reverse biasing
experiments, which altered the j-V properties of the shaded
cell.*” Henzel et al. observed that the reverse bias current and
degradation rate (PCE loss/time of reverse bias application) are
both exponentially dependent on the applied voltage and there-
fore suggest that the reverse bias degradation is current
driven.?® The degradation rate reached up to 3%/min even
under low reverse bias current densities below 2 mA cm™2.>*?
An extrapolation to —20 mA cm 2 and reverse bias slightly
above Vi,q would mean half PCE loss in 3 min.>*’

Compared to c-Si, thin-film technologies are more difficult
to protect by bypass diodes as their integration into the mono-
lithic interconnection using laser scribing (see Section E-A) is
more complex. These technologies are also more prone to
reverse bias degradation due to the small layer thicknesses
employed in the stack. Indeed, in thin-film PV modules based
on CIGS or CdTe materials, small irregularities in the thin-film
coatings such as voids or pinholes form preferential current
pathways in reverse bias, inducing thermal damage as a result
of the large power dissipated locally at these defects.>®°

Similar shunting degradation has been observed in SJ PSCs,
with devices often shunting in a few regions after only seconds/
minutes at mild reverse voltages of a few volts®”**! and
ascribed to the position of local defects, e.g. extrinsic impu-
rities. These may possibly result from the migration and
accumulation of mobile ions in the MHP absorber triggered
by lateral differences in the electric field around the
impurities.”> The local conductive pathways in reverse bias
typically increases temperature beyond the MHP thermal bud-
get, which leads to a decomposition of the neighbouring MHP
material to PbI,>** and to the formation of additional shunt
pathways.®”

MHP devices with a metal electrode are particularly prone to
rapid shunting under reverse bias,*”>*! likely due to a redis-
tribution of the conductive metal electrode in the absorber
material. Metal-free devices, e.g., using a carbon-based elec-
trode, have been shown to be more resilient to partial shading
conditions, with some devices even passing the IEC61215:2016
hotspot test requirements and withstanding up to —9 V and
close to 70 mA ecm > for up to 30 min.>>* These carbon-based
modules eventually degraded due to a loss of iodine and a local
decomposition of the MHP to Pbl,, but only when surpassing a
reverse voltage around —9 V.

Finally, several theoretical studies investigated the impact
on reverse bias resilience of specific cell and module designs
(PSC SJ, MHP/Si tandem with 2-terminal (2T, two electrical
contacts) and 4-terminal (4T, top and bottom cells have distinct
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Fig. 9 Simulation of (a) Jsc(PSC)/Jsc(Si) ratio in dependence of air mass.
Green area (AM1.0-AML1.9) corresponds to situation (b) and the red area to
(c). (b) J-V characteristics of a half shaded 2T MHP/Si tandem solar cell at
AML5 with Jsc(Si) < Jsc(PSC). The dashed black line shows the maximum
working current for a 2T tandem (red) which is only exceeded at more than
—10 V and is limited by the Si bottom cell (blue). The green cross visualizes
that the PSC (brown) stays in forward bias at this current. (c) When Jsc(Si)
> Jsc(PSC) (e.g. at AMB) the PSC is current limiting until —7 V and therefore
gets reverse biased even when low negative voltages are applied to the 2T
tandem, whereas the Si cell stays in forward bias (green cross). The red
cross marks the working point of the PSC at which the Si cell starts to be
current limiting under this light condition.

electrical contacts; 4 in total) architectures).”*"**> The tolerance
to reverse voltages of MHP materials greatly increased in
monolithic 2-terminal MHP/Si tandem solar cells due to the
presence of the bottom Si cell, whereby over 95% of the reverse
voltage is dropped at the latter in dark conditions.>**

We point out that the protection effect by the c-Si solar cell
only applies for shading of a whole cell (as conducted in Xu
et al.*®®) or partial shading of a cell under light conditions
where the short-circuit current density Jsc(c-Si) < Jsc(PSC).
Fig. 9(a) illustrates that for AM spectra below 1.9, Jsc(PSC)/
Jsc(Si) becomes <1 for PSC and c-Si solar cells that are current-
matched at AM1.5 spectrum. As shown in Fig. 9(b), the max-
imum current density in a half-shaded 2T MHP/Si solar cell is
limited by the Si sub cell at AM1.5 so that the PSC stays in
forward bias up to ~ Vy,q(Si). However, at AM5 spectrum (see
Fig. 9(c)) the current in the same 2T MHP/Si tandem solar cell is
limited by the PSC to a voltage at which the PSC already

This journal is © The Royal Society of Chemistry 2024
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experiences reverse bias (see red cross as an example with
—10 V applied to the tandem solar cell). The Si solar cell only
protects the PSC from experiencing even higher reverse cur-
rents for higher reverse bias voltages than —7 V applied at the
tandem solar cell (for this example) up to its own Vyq. The
external quantum efficiency (EQE) for the Jsc calculation was
hereby simulated with SUNRAYS***?%> and the spectra were
simulated with SMARTS?®® for a 37° tilted, south-facing area in
the US. Therefore, the reverse bias stability of PSCs should be
considered in SJ as well as in tandem applications.

Strategies for the improvement of reverse bias stability are
metal-free®>* or inert Au instead of Ag electrodes®®” and single
halide MHP.?”*** Further enhancement was shown by a hole
blocking layer between ETL and MHP,>*® a TCO between HTL
and metal electrode,”® polymer HTLs like relatively thick
PTAA-layers that block electrons more efficiently than e.g. the
SAM (2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl)phosphonic acid
(MeO-2PACz)**” or modifying the MHP surface in a way that
mitigates ion migration through the MHP surface (e.g. by 3-
mercaptopropyl(dimethoxy)methylsilane (MDMS)).?®® However,
there is still a decrease by more than 25% in PCE after 2 min at
—1 V.>®® 1t might be useful to produce PSCs with low Vq to
dissipate the power generated by the illuminated segment
homogeneously over the shaded cell area (rather than locally
through shunts). Further mitigation strategies on module level
will be described in Section E-B.

E. Module-level specific degradation
mechanisms

This section provides an overview of degradation mechanisms
that become visible when integrating PSCs into solar modules.

A. Cell interconnection and degradation related to scribe
processing

The electrical interconnection of PV cells into strings
introduce degradation pathways at the cell-to-cell
interconnects***?”° decreasing both efficiency and operational
lifetime.””"*”> Neighbouring solar cells in thin film technolo-
gies (including SJ-PSCs) can be monolithically interconnected,
whereby the size and form of a solar cell can be varied. This
process is generally achieved by the so-called P1, P2, P3 (and
P4) scribing lines®”® depicted in Fig. 10(a). P1/P3 scribes isolate
the front/rear contacts of each cell while the P2 scribe provides
an electrical series connection from the rear of one cell to the
front of the next. A P4 scribe may be introduced perpendicular
to P1-P3, which separates long cells into shorter segments,
generating parallel-connected strings of series-connected
cells.”’*?”> It is possible to create scribes using mechanical or
laser processing. Laser scribing is more scalable for high
throughput manufacturing along with less tool wear, greater
reproducibility, precision, cleanliness, and adaptability to var-
ious materials. Mechanical scribing could result in durability
concerns due to defects such as delamination, chipping, and
irregular scribe edges.>”*?7¢>””

can
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Fig. 10

(a) Side view: P1, P2 and P3 laser scribe interconnection of SJ PSCs introduce metal/MHP interfaces at P2 and MHP/ambient or MHP/

encapsulation material interfaces where instabilities can occur when not mitigated by barrier layers or TCO/carbon-based electrodes. (b) Top view: Laser
scribing can cause delamination and cracks and, for P2 or P3, Pbl, spreading along the scribe line and an increasing fraction of Cs* in the HAZ as MA™ and
FA* are more volatile than Cs*. Inert gas flow can cool the PSC and thus decrease HAZ. Further mitigation strategies are optimizing laser process

parameter and avoiding Pbl, excess in MHP.

An abundance of work strives to optimize scribing to
improve performance by minimizing cell to module losses via
low series resistance and small dead areas.”’®*”® Possible
defects from laser scribing include incomplete ablation, mate-
rial changes within the heat-affected zone (HAZ), microcracks,
delamination, and residues/redeposition.?”*2’®%”” In addition
to durability concerns associated with laser-modified materials
chemistry and microstructure, there is also the concern of new
interface types introduced at scribed interconnects (particularly
for P2 and P3), as we describe below.

Ultrafast laser pulse widths are desired to achieve ‘“cold”
ablation due to minimized transfer of the electronic energy to
thermal motion via electron-phonon scattering.>***%" It has
been shown for MHPs that the HAZ decreases with decreasing
pulse width from nanosecond to sub-picosecond time
ranges.”®*%* The extent of the HAZ during laser processing
likely impacts the durability and degradation mechanisms in
MHP modules.

7582 | Energy Environ. Sci., 2024,17, 7566-7599

While nanosecond lasers ablate primarily via thermally-
driven melting, picosecond laser ablation transitions toward a
mechanical stress-assisted lift-off mechanism. This may result
in steep edges and less redeposition/residue but also possible
defects such as delamination and microcracks that can gen-
erate shunts inside the groove.”””*%>?%% Mechanical lift-off
ablation can also occur by laser processing from the glass-
side rather than film-side. Even with picosecond laser ablation,
studies show heat-induced changes in MHP composition in the
range of 1-5 um away from ablation craters or scribe
lines,?”**%* and additional impacts of secondary interactions
with volatile or redeposited species up to 10 um away.>”

Pulse wavelength also impacts the ablation mechanism and
associated module durability concerns. In particular, short
wavelengths may lead to breaking of chemical bonds and
ablation via photochemical decomposition of molecules.>””
E.g., Udalova et al. show that resonant absorption during laser
processing induces a greater extent of chemical degradation

This journal is © The Royal Society of Chemistry 2024
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products compared to infrared (IR) irradiation below the MHP
band gap.>®® This is attributable to photodegradation induced
by excitation of electronic energy levels as well as the electron-
phonon interactions that lead to heating.

The chemical species produced in laser-affected areas will
influence decomposition pathways near module interconnects.
Laser ablation can volatilize or decompose organic species
more easily than the inorganic components of the MHP. For
multi-cation compositions containing Cs along with organic
cations such as FA and MA, this can result in enhanced fraction
of Cs in the HAZ and in any re-solidified material.>’® Indeed,
additional studies suggest that compositions including Cs
cations have smaller laser-affected areas due to greater thermal
stability and fewer volatile degradation products.>*®

Many studies show that the edges of laser-ablated scribes
and craters decompose to Pbl,, forming a type-I heterojunction
with surrounding MHP.>”®?%*?%% Greater PL intensity near the
laser-ablated edge may result both from type-I charge transfer
and passivating effects of Pbl, in small quantities.”®* Interest-
ingly, Kosasih et al. find that any existing PbI, grains may grow
in size upon laser processing, but that no new Pbl, grains were
formed if the MHP layer was initially Pbl, free.>’® Degradation
related to mechanical and laser scribing can be investigated
with optical profilometry, scanning electron microscopy (SEM),
and EDX to visualize larger-scale issues (e.g. delamination,
burrs, edge irregularities, large compositional changes).>%¢
Finer details of crystal structure and phase inhomogeneities
characterized using methods such as STEM”>’® and XRD.>®*?
Modified chemical bond environment and associated decom-
position products have been identified with Raman
spectroscopy.’®®

As devices scale up in size to the module level, microscopic
analysis risks studying isolated areas unrepresentative of the
dominant durability concerns. Pairing rapid large-area analy-
sis, or eventually in-line screening, with detailed microscopy
promises a pathway toward scalable durability optimization.
E.g., dark lock-in thermography and luminescence imaging
have been applied to distinguish intra-cell defects from inter-
connect defects.>*>?”%?%” Light-beam induced current mapping
has also been used.?®® Examples of defects at laser scribes
detected with macroscale imaging include interruption or
shorting along P1 or P3 by redeposition of conductive material,
incomplete scribes causing resistance or re-routing of current
pathways, burrs/irregularities along scribe edges, inactive cells
due to interconnect faults, and current crowding along inter-
connects after thermomechanical stress.>**?”%*%” pairing these
analysis tools with accelerated stress testing and outdoor aging
is a fruitful path toward selecting laser process conditions to
optimize beyond initial performance and also
durability."*2%°

The atmosphere during laser ablation impacts degradation
products and potential subsequent degradation pathways. In
ambient atmosphere, MHP may decompose to PbO, under
laser processing, which is mechanically rigid and electrically
insulating.”®® The dihydrated MHP phase may also form due to
interaction with moisture.>®® In inert atmosphere, degradation

improve

This journal is © The Royal Society of Chemistry 2024

View Article Online

Energy & Environmental Science

products are observed such as Pbl, and polyiodides (e.g. I3,
MAL,) which may form via decomposition of the inorganic
sublattice to create I, and I, that further react with the
MHP?®* as described in equation (1). Furthermore, volatile
components may be re-deposited either from cooling or laser
pulse shielding, resulting in accumulation of chemical species
that can further react with undegraded MHP. These include
degradation products such as PbO,, Pbl,, I,, and (for certain
compositions) methylamine (CH3;NH,), hydrogen cyanide
(HCN), and formamidine (H,NCHO).*®* Inert gas flow can
decrease the laser-affected area by removing such laser-
induced decomposition products and decreasing sample
temperature.

New interfaces formed within laser-processed interconnects
pose additional durability considerations. P3 scribing can
oxidize metal contacts and promote reactions between metal
and MHP, e.g. leading to products such as Agl or (MA),Au,l.>*>
Such degradation near P3 can decrease the active area and
provide a pathway for further decomposition initiated at the
scribe edges of the rear metal contact. For bifacial construc-
tions with TCO as the rear electrode, laser scribing at P3 may
induce thermomechanical stress, which may create another
durability concern.”®® P3 also represents an area where the
MHP absorber becomes exposed to atmosphere enabling reac-
tion with moisture or oxygen during processing.”* Fenske et al.
suggest that increased heating from using nanosecond laser for
P3 scribing may improve performance by generating Pbl, and a
thin Br-rich interfacial layer that passivate the MHP,*”® but it is
unclear if this would also impact long-term stability. Upon
module encapsulation, MHP or metal decomposition products
at P3 may come into direct contact with polymers used for
lamination at elevated temperatures. Some common encapsu-
lants are known to produce detrimental degradation products
such as acetic acid from ethylene vinyl acetate (EVA)**' or
methacrylic acid from surlyn,'® which could react with the
MHP at P3 during module aging.**> At the P2 scribe, a new
interface is introduced such that the MHP absorber may
directly touch the metal.>®® As discussed in Section C-B, elec-
trode migration into the MHP absorber can cause severe
degradation. Such decomposition can increase resistance,
which may lead to Joule heating that promotes further degra-
dation at interconnects during module operation. Therefore,
scribe interconnects would ideally avoid direct contact between
metal and MHP along P2. Strategies for this include rear
electrodes composed of carbon-based material*** or
TCOs.?%%2%5 An alternative strategy is to introduce a diffusion
barrier inside P2. Bi et al. demonstrated diffusion barriers
made of Al,O; nanoparticles, polydimethylsiloxane (PDMS), or
carbon nitride."® CTL materials could also be used within P2 to
separate metal from the MHP at the interconnect.>*® Fig. 10
summarizes the here mentioned degradation mechanisms and
mitigations.

However, for 2T MHP/Si tandem solar cells the interconnec-
tion of cells will likely resemble that of c-Si wafer-based
technology, which generally uses screen-printed fingers and
busbars on the solar cells. The front busbars are then
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connected through Sn-alloy coated Cu ribbons to the metalliza-
tion on the rear side of the neighbouring solar cell. Normally,
depending on the screen-printing paste and coating alloy, the
fingers are fired and the ribbons are soldered at relatively high
temperatures (e.g. about 700 °C and 350 to 450 °C,
respectively””®). To avoid damaging the different layers in the
PSC stack, it is highly recommended to avoid high-temperature
processes. A valid alternative to soldering is offered by the use
of electrically conductive adhesives (ECA, i.e. silver containing
pastes) that are already effectively used for the ribbon-stringing
of the silicon heterojunction (HJT) technology. The fingers can
either be formed with low-temperature screen-printing
pastes®”’ that typically have a lower conductivity than standard
pastes or can be applied onto an insulating layer on the Si
bottom cell before PSC fabrication.'*® With the latter option,
the firing temperature is only limited by the Si bottom cell and
not by the thermal stability of PSC components which allows
higher conductivity for front contacts.

B. Insertion of Bypass diodes

The individual cells of a PV module may become partially
shaded during operation, e.g. due to a neighbouring tree or
building element. In these conditions, the illuminated cells of
the string will continue producing a photocurrent. Due to the
series connection of the cells in the string, the shaded cell(s)
will be driven to reverse bias conditions to pass this photo-
generated current. As described in Section D-D, PSCs are greatly
sensitive to reverse bias and the number of integrated bypass
diodes (BPDs) therefore needs to be evaluated carefully. The
most reliable, but very expensive way would suggest the adop-
tion of one BPD per 1-2 PSCs, compared to the typical ratio of 1
BPD per 20-24 cells adopted for conventional c-Si solar cells.>?®

A more realistic module layout with 1 BPD per 24 MHP/Si
tandem solar cells with an area of (15.6 cm)® is proposed by
Qian et al.*** They simulated PSC temperatures of more than
170 °C for all shading ratios >15% of one solar cell in a string
and 207 °C for 30% shading as worst-case scenario.>®> However,
considering that power dissipation in PSCs is observed to be
not homogeneous over the whole shaded area®* even higher
temperatures can be expected at local shunt paths.?®> The
shade protection design thus needs to be adapted to the
thermal stability of the PSCs (see Section B-E).

According to Qian et al. using half-size 2T MHP/Si tandem
solar cells (15.6 cm x 7.8 cm) can decrease the worst-case PSC
temperature from 207 °C to 186 °C (i.e. 1 BPD per 48 half-size
MHP/Si tandem solar cells) and further to 134 °C by imple-
menting 6 instead of 3 BPDs.?®*> Another mitigation strategy is
the optimization of segments (by laser scribe patterning) in SJ
or 4T modules in a way that shading of a whole segment
becomes difficult during typically shading events.”®" This is
e.g. simulated by Qian et al. with 191.6 cm x 2 cm wide PSC cell
strips vertically orientated which overlap the Si bottom cell, that
is partially shaded, with less than 1/12 of their cell area. This
decreases the PSC worst-case temperature in 4T to 137 °C
compared to 207 °C in 2T with same shading conditions and
c-Si bottom solar cell. This temperature can further be lowered
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to 73 °C by using IBC Si-bottom solar cells>** that can act as a
BPD due to their breakdown at low reverse bias.>*"**> However,
the segment form needs to be chosen carefully, e.g. line-shaped
shadows can lead to 116 °C for 4T IBC modules.**?

C. Module packaging

Solar cell strings are packaged into modules to protect them
from atmospheric agents such as oxygen and water vapor. In
addition, the packaging avoids the release of potentially harm-
ful elements, such as Pb, to the environment. Packaging also
provides mechanical support to solar cell strings®”> and elec-
trically insulates the solar cells from the environment.

An optimal packaging structure for PSC should avoid any
water and preferably oxygen ingress into the module laminate.
Therefore, a glass—glass structure with an edge seal, as depicted
in Fig. 11, might be favoured, or backsheets with diffusion
barriers — which will have a weight advantage - are required.
However, standard edge seal materials based on butyl rubber
are optimized towards low water vapor ingress but are not a
good barrier towards oxygen. In comparison, standard PV
backsheets based on polyethylene terephthalate have an oxygen
transmission rate around 10 cm® g~ d*,”°° while butyl rubber
has a value 10 times higher.**

EVA, the encapsulant with historically the largest market
share, tends to photodegrade over time generating acetic acid.
The acid cannot be released by a glass/glass structure as it
would in the case of using a permeable polymeric backsheet.***
Therefore, encapsulant materials as e.g. polyolefins (PO) that do
not produce acetic acid should be favoured for PSCs.?>430%:393
Another reason for not adopting EVA as an encapsulant is the
relatively high lamination processing temperature of 150 °C
(and relatively long processing times of ~20 min) needed to
complete the cross-linking.*** This processing conditions are
largely incompatible with the thermal instability of MHPs.
Another advantage of POs over EVAs is that this class of

Encapsulant with low
processing temperature,

pos> < low water vapor
PSC transmission rate, UV
SJ/Tandem blocker, and without
reactive additives
Glass / polymer é Edge seal with low water
with diffusion vapor and O, transmission

barrier

5 rate
v OO0

Fig. 11 Module packaging with glass—glass or backsheets with diffusion
barriers protect SJ PSCs or MHP/Si tandem solar cells from water vapor
and oxygen. An edge sealing and encapsulation material with low WVTR
and low oxygen transmission rates prevent water and oxygen ingress from
the side. The encapsulation material needs to be unreactive with MHPs and
be processable at low temperatures.
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polymers have a lower water vapor transmission rate (WVTR)
and oxygen transmission rate,””> which might in principle
decrease the need for an edge seal. Still, edge seals for PSC
are highly recommended. To prevent water ingress in the PSC,
moisture barriers such as AlO, or SiO, have also been proposed,
but likely their adoption should be a supplement but not a
substitute of an encapsulation material with a low WVTR.

The generation of harmful by-products by POs or other
alternative encapsulants over time is not yet well known since
the long-term field experience of this technology in the solar
industry is still limited. So far, from indoor durability tests
using different PO based encapsulants, no harmful degradation
products such as acetic acid have been observed yet.**>'*
Observed chemical reactions include reactions of additives and
stabilizers,?°”3'2314 or the formation of double bonds, various
carbonyl groups and hydroxyl groups on the polymer
chain.*'°*'* However, a link of volatile PO degradation pro-
ducts to power degradation of a PV module has not been
reported yet. Further, compared to the relatively standardized
formulation of EVA after 35 years of production, process
reproducibility might be lower with alternative encapsulants
like POs, due to the lack of experience. The storage conditions
of the encapsulant prior to lamination should also be chosen to
minimize any moisture uptake from the environment.***

As a precaution, several research groups prefer to use
thermoplastic PO (TPOs), because thermosetting polyolefin
elastomers (POEs) might release thermally activated peroxides
(during and after the lamination process), which are added to
enable crosslinking and whose effect on PSCs is largely
unknown.

Due to the sensitivity of PSC to high temperatures, the
optimal encapsulation material should have relatively low
melting and processing temperatures (ideally 110 °C to
130 °C). Besides having a good transmittance (T > 90%), the
ideal encapsulant might contain UV blockers and likely have a
high UV cut-off (>380-400 nm) to avoid (or delay) UV induced
degradation.?®® However, the UV blocking additives and their
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degradation products might introduce potential chemical inter-
action with PSCs and not being able to use the higher energy
photons for generating current decreases energy yield.

CTE mismatches can result in internal stresses within the
PV module that may cause various failure mechanisms, includ-
ing fractured cells, broken interconnectors as well as
delamination.®® An additional risk are cohesive failures
inside the PSC stack (e.g. at the MHP/Ceo/SNO, interface'*?).
Furthermore, the long-term adhesion of the encapsulant
to the glass and to the cell is critical and needs to be
addressed properly.*'®'® Choosing the right encapsulant with
appropriate thermo-mechanical properties is crucial to mini-
mize internal stresses and prevent aforementioned failure
mechanisms.*'® Moreover, the thermal expansion behaviour
of encapsulants is crucial for ensuring a stable lamination
process during the production of MHP PV modules. Excessive
shrinkage or thermal expansion of the encapsulant, as well as
anisotropic behaviour during heating can lead to stresses that
may result in damaged cell layers or delamination.?°"*2? The
careful selection of encapsulant materials, but also of the
different layers of the PSC stack (see Section C-C) to minimize
CTE mismatch is essential to mitigate internal stresses, prevent
production loss and early-stage failures, and ensure the overall
reliability and quality of solar modules.

Moreover, encapsulants should ideally be designed to have a
low shear viscosity in the molten or liquid state, so that the
encapsulant can easily flow without transferring stresses to the
top cell causing irreversible damage.

D. Potential induced degradation (PID)

In string connected modules high PV system voltages (up to
£1500 V), can build up between grounded module frames and
solar cells under operation.>”® The PID qualification test (see
IEC 61215:2021"%) for Si PV (and other inorganic thin films)
defines the application in both polarities of the modules’
nominated system voltage (generally +£1000 V or +1500 for
power generation applications) between the cells and the

Table 5 Overview of published PID tests on MHP and MHP/Si-tandem solar cells. P-i—n solar cells are llluminated through the HTL and n—i—ps through

the ETL side
Cell type Test conditions Degradation Recovery
Tandem'"” 60 °C, 22 h, +1000 V Only thermal —
p-i-n, Al foil on both RT, >5000 h +1000 V No —
sides®*® +500 V No —
—1000 V >50% EQE loss; PCE degradation starts —
after several h
p-i-n*** —1000V, 55 h 25 °C, 20% RH 59% PCE loss, 40% EQE reduction, lower  +1000 V, 90 h: 37% to 58% of
shunt resistance reference PCE
60 °C, 60% RH > 90% PCE & 60% EQE loss with respect to +1000 V, 90 h: x~10% recovery
ref stored at 60 °C, 60% RH
n-i-p, p-i-n**° —1000 V, 60 °C, <60% RH, 18 h PCE loss: n-i-p w/o PCBM 65%, n-i-p with —

PCBM 32%, p-i-n 72%

n-i-p**’ —1000 V, 60 °C, <60% RH, 18 h
Tandem* —1000 V, 60 °C, <20% RH, 22 h
n-i-p**® Simulation via defect density of different

absorber

This journal is © The Royal Society of Chemistry 2024

Up to 95% PCE loss

+1000 V, 72 h: 80% PCE
recovery

47% PCE loss (ref stored at 60 °C: 16% PCE +1000 V, 11 h: 52% to 65% of
loss)
PCS loss: MAPDbI;: 61%, CsPbl;: 23%, —
CsGels: 56%, CsSnls: 94%

initial PCE
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grounded frame for 96 h at 85% RH and 85 °C (i.e. in damp-
heat like conditions). The previous IEC 62804 PID standard®**
allows the execution of the test likewise in humid (85% RH,
85 °C for 96 h) or in dry (25 °C for 168 h) conditions.

Table 5 gives an overview of the published PID tests applied
for PSCs and MHP/Si tandem solar cells/minimodules. The
analysed PSCs feature a front contact on a glass substrate and
are enclosed with another glass without a connection to the
rear contact in a nitrogen atmosphere. Voltage is applied across
an Al foil on the substrate glass and the short-circuited
PSC"'*3%%73%7 a5 sketched in Fig. 12. Tandem solar cells are
enclosed with encapsulant material on both sides, with the Al
foil wrapped on the front side.'*

In summary, Brecl et al. and Xu et al. showed that PID
testing with +1000 V did not degrade p-i-n PSCs*** and MHP/Si
tandem solar cells."*® Brecl et al. also observed no damage due
to PID testing with +500 V for more than 5000 h at room
temperature. However, PID tests with —1000 V showed strong
degradation of PSCs''*?**3?” and MHP/Si tandem solar
cells.'™ Hereby, the degradation is enhanced when the voltage
is applied at 60 °C instead of room temperature.'’* The
negative voltage causes a movement of Na' ions from soda-
lime glass that is in contact with the PSC into the MHP
absorber. This has been proven by Nakka et al. with EDX"'*
and Brecl et al. with ToF-SIMS.**

The Na’ ions cause recombination centers and ion
migration results in a higher defect density in the absorber
which again causes an increased recombination.**®* Enhanced
recombination leads to a strong Jsc decrease, but also V., FF,
PCEM#115:325328  and  the external quantum efficiency
(EQE)"*?>%328 are strongly lowered due to PID. Furthermore,
the shunt resistance (Rg,) of the MHP (sub) cell is lowered by
(-) type PID.'*>?** However, Ry, of the Si sub cell is not

326,327
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decreased as long as no further treatment is conducted after
the (—) type PID test."™ In contrast to Nakka et al. and Brecl
et al., Xu et al. observed a confinement of the Na* in-diffusion
above the Cg, layer and also an out-diffusion of Pb*, Cs*, Br~
and I" ions into the encapsulation material with secondary ion
mass spectroscopy (SIMS).'"

Applying positive voltage after PID tests with negative vol-
tage partially recovers PSCs*'**?*” and MHP/Si tandem solar
cells'"® as Na* ions are moving back. In addition to Na* motion,
Nakka et al. observed the formation of AglI caused by a move-
ment of Ag" ions from the back contact during PID with
negative voltages. Agl bonds are stronger than those between
Na' and I"; therefore, Ag" ions do not move back under positive
voltage.'**

Indication for PID in PSCs is a diminished electro-
luminescence (EL)'"> or PL intensity’*® due to higher recombi-
nation as well as a shift in the PL peak intensity. Due to ion
movement, the PL peak can red shift when Br is removed or
blue shift for Br-rich phases.'***2¢ Halide segregation can also
result in Pbl, formation.'**

Degradation due to PID might be mitigated by optimized
growth conditions that result in low defect densities (i.e. I" rich
synthesis conditions) and a MHP composition with a high
tolerance for defects.**®

Furthermore, an additional barrier layer (e.g. PCBM between
SnO, (HTL) and MHP) can significantly decrease impacts of PID
as shown by Purohit et al.>*® Nakka et al. suggest adding inert
materials that occupy interstitials in the MHP structure to
inhibit Na* penetration."’* Brecl et al. suggest the application
of positive bias during night to drive out Na* ions from the
active layer and thus recover the PSCs.**® A suitable encapsula-
tion material could also serve as a barrier for Na* diffusion, and
a barrier layer that prevents out diffusion of MHP materials

Glass
.| m A AR _m m n
CTL /7\ \
.8. Agl
150 01" 60|
MHP O-.0,. as CsX/PbX 0'50
O+ 9 b O+
o 9L o- __
Metal
Glass j -
Metal foil ' e R R R R L o e e R R R T

O Interstitial

& Recombination center

O.\© Filling interstitials with ions

Fig. 12 PID leads to ion movement, especially of Na*, causing instabilities in the PSC. This can be mitigated by introducing ion blocking layers or by

reducing ion migration due to filling of interstitials.
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might be useful."*®> According to Xu et al. the encapsulant-free
NICE encapsulation technology®>® might be a good strategy as
the potential bias nearly fully drops at the interface between
glass and the inert atmosphere in this case.'*

Most POs exhibit high volume resistivities due to their non-
polar polymer chains based on polyethylene. This might also
decrease PID effects, at least for PSCs without glass substrates
where the encapsulation foil separates glass and PSC. SJ PSCs
may require a proper selection of the glass (e.g. non-Na contain-
ing glass), the usage of other substrates or the deposition of
barrier layers on the glass cover prior to the deposition of the
different active layers as shown for CIGS.

E. Testing and qualification

Recent evidence suggests that modules made of c-Si cells can
reach service lifetimes of 25-30+ years in the field.****" As it is
not possible to wait 20+ years to replicate the failure modes
observed in the field, accelerated-aging testing of PV modules
has been introduced to replicate, under controlled laboratory
conditions, the most common failures observed after many
years of outdoor operation. However, the relevant standards are
qualification test aiming at preventing early failures in the
fields and not - as often wrongly assumed - life-time tests
aiming at predicting the lifetime of the modules. For terrestrial
applications, the relevant industry standards are the IEC
61215:2021," covering silicon-based and thin film modules
and addressing the reliability of PV modules. They contain
accelerated aging protocols including climatic (e.g. damp-heat,
thermal cycling, humidity-freeze, . ..), mechanical (e.g. mechan-
ical loads and hail impact) and electrical (e.g. PID, wet and dry
insulation) tests.

Electrical and mechanical safety requirements are addressed
in the IEC 61730:2023.>*> Conformity to these standards is
generally considered as a minimum quality requirement and
should also be considered as a prerequisite for MHP module
commercialization. Some test conditions in the IEC 61215
series may be tailored to cope with technology-specific meta-
stabilities of PSCs. A typical example is the duration of the
stabilization procedures (i.e. exposure to light and relaxation
times). Therefore, in the long-run, a sub-standard specific to
PSC-based modules - as is already the case for other inorganic
thin-film PV technologies — may be expected. At the TandemPV
2024 a consensus statement on a minimum stability test and
standardized measurement protocols for MHP/Si tandem solar
cells was announced to be published soon.*** Some useful
inputs may originate from the ISOS protocols (International
Summit on Organic PV Stability®>**), originally designed for
organic PV, which are not intended as a replacement of existing
qualification standards but are rather aimed at understanding
specific failure mechanisms and stability issues, such as ion
redistribution under electric fields and reversible degradation.

Pass/fail criteria typically refer to variations in power
whereby generally a maximum power loss of 5% is allowed.
Thus, the possibility of executing reliable and reproducible as
well as accurate and precise power characterization is critical.
This will be a challenge for PSCs due to the large variability in

This journal is © The Royal Society of Chemistry 2024
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their behaviour. Therefore, MHP module characterization pro-
tocols should include the development of:***3¢

e Reproducible stabilization procedures (generally light
soaking) to stabilize the power at the maximum power point
(Pmpp) of the device minimizing the impact of metastability

e Procedures to determine the steady-state maximum-power
output under continuous illumination rather than relying on
conventional J-V characteristics, minimizing the impact of
hysteresis and transient behaviours

e Procedures to determine the spectral response (SR) of the
device and apply a spectral mismatch factor correction. This
may be particularly challenging for multi-junction devices,
which require the characterization of the SR of each sub-cell.**’

There are various reports about PSCs and MHP mini mod-
ules passing individual (IEC) stability tests.'*****3° However, as
the MHP technology is not yet industrially mature, still little
evidence exists of field-deployed MHP modules, which is the
only method to evaluate their actual service life. Further, the
rare outdoor monitoring data reported in the literature for
MHP solar modules extend normally over a short temporal
duration (weeks to months).*****" Li et al. found instabilities of
PSCs under outdoor conditions only occurring during summer
months, not in winter.>*? Outdoor tests, therefore, need to
cover high operating temperatures. In a recent publication,
encapsulated MHP/Si tandem solar cells were monitored over
one year in a hot and humid climate (Saudi Arabia), retaining
80% of their initial power after one year.**’ In a temperate
climate (Berlin), encapsulated PSCs were monitored outdoors
for over 2.5 years exhibiting pronounced seasonal behaviours
and meta-stable effects.*** Until now, however, the nature of
outdoor studies (i.e. mainly the required time) makes it difficult
to report about long-term degradation modes of samples in the
field so that most of the evidence is available for laboratory-
tested prototype modules only.

To conclude, we want to stress that a clear market accep-
tance of PSCs for power generation applications will only be
gained once all the stability (at material level) and reliability (at
module level) issues are solved. A first step will be passing the
relevant industry standard qualification protocols which - as
mentioned - may require some technology specific changes for
PSCs. At the same time, potential early adopters (Engineering-
Procurement-Construction companies and project developers)
will require time series of monitoring data (with a minimum
duration of 3 to 5 years) that prove the stability of the MHP
modules deployed in the field. Both conditions are minimum
requirements to make PSC technology bankable and
acceptable.

F. Limiting factors affecting the lifetime of PSCs and modules

Table 6 summarizes strategies on different levels to improve the
stability of PSCs and modules. The prerequisite in the devel-
opment of long-term stable MHP (SJ or tandem) solar modules
is the selection of intrinsically stable materials, especially
concerning the MHP composition, but also the full layer stack.
It is important to deposit the MHP homogeneously in order to
avoid nucleation sites for e.g. cation segregation and Pbl,
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propagation. In addition, extreme care should be taken to
prevent the emergence of strain during the MHP film for-
mation, e.g. by the usage of relaxing additives.

The majority of degradation phenomena in PSCs are caused
by ion movement (most prominent iodide) and resulting reac-
tions. We therefore consider the passivation of defects (e.g. by
additives) and the prevention of ion migration from one layer to
another (e.g. by inserting ion-blocking layers) to be essential.
CTLs that serve as a barrier themselves and thus prevent
additional processes might be favoured, but also 2D MHPs
might act as efficient barriers. The negative impact of environ-
mental stress factors such as moisture and oxygen can also be
tentatively prevented by the adoption of protective layers
deposited on top of the PSCs and, in particular, by the adoption
of proper module encapsulation structure. Additionally, the
mechanical instability of MHPs can be mitigated by inserting
insulating layers below the front contact that avoid shunts
between front and rear contacts introduced by pressure on
top of the front contact as in the EIBC concept.

F. Conclusions

We propose that large scale screening of various materials and
additive combinations is a promising strategy to improve the
stability of PSCs. Studying the impact of individual stresses on
PSCs is crucial, but it is also important to emphasize that this
alone does not predict stability and module reliability. There-
fore, testing procedures that combine different stressors for
PSCs are proposed such as the ISOS protocols. In addition,
testing procedures need to be complemented by reliable out-
door monitoring data, which until now have a limited temporal
extension (shorter than three years) and are mostly limited to
minimodules (i.e. prototype). Even though first outdoor mea-
surements of full-size MHP/Si tandem modules close to com-
mercialization were reported, their long-term stability is still
under investigation. Furthermore, specific field stresses must
be considered, such as reverse bias due to shading and the
resulting hot spots at local shunt paths.

For tandem solar cells, more sophisticated characterization
techniques will be needed at module level compared to con-
ventional silicon modules, addressing considerations such as
current matching of top and bottom cells throughout the day/
year. At the module level, the need for robust packaging
structure will require a careful redesign and likely the adoption
of an edge seal or the need for more bypass diodes. This should
be considered when evaluating the economic viability of MHP/
Si tandem modules.

Long-term durability is crucial for industrial implementa-
tion and thus minor compromises in maximum efficiency will
probably be accepted if these enable increased service life.
However, if the durability problems can be solved (without
increasing the costs and/or complicating the process), the
increased yield per area of MHP/Si tandem modules could
provide an additional valuable contribution to further acceler-
ating the energy transition.

This journal is © The Royal Society of Chemistry 2024
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After only 15 years of intensive research, small area PSCs
exceeded the efficiency of Si solar cells that have been devel-
oped and constantly improved for the last 70 years. Several
mitigation strategies already exist to address the various
instabilities PSCs can experience. It is now time to combine
them with a clear focus on reproducibility, reliability and cost-
effectiveness in addition to the upscaling of the MHP technol-
ogy to larger areas. The demonstration of MHP as a reliable
technology for terrestrial power generation application needs a
focus on reliability development on cell and module level as
well as reliability and qualification testing. The close collabora-
tion of various research areas and groups should be funded
accordingly.
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