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Grain boundary passivation as an optimal strategy for perovskite
solar cells with improved stability

Yin Li?, Hongbo Mo?, Jingbo Wang?, Zhengtian Yuan?, Yanling He®, Tao Zhu¢, Xiaoxue Fand, Gang Li¢,
Jasminka Popovi¢® and Aleksandra. B. Djurisi¢>*

High performance perovskite solar cells have been obtained for a variety of different perovskite compositions. Here we
investigate the stability of different perovskite compositions which can yield efficient solar cells under exposure to different
stressors: illumination (with oxygen or humidity), and elevated temperature. Sensitivity of the perovskite to the exposure to
different stress factors was strongly dependent on its composition, and stability-composition-efficiency dependences were
complex. Nevertheless, MA-free perovskite clearly exhibits superior thermal stability and stability under illumination in
oxygen, but exhibit sensitivity to moisture. We then investigate the effect of common strategies for stability improvement,
namely additives for defect passivation, hydrophobic additives, and cross-linking additives, on the stability of MA-free
perovskite, and achieved significant enhancement of stability with cross-linking additives. As cross-linking additives can
hinder both ion migration under illumination as well as moisture ingress into the perovskite, they can facilitate superior
stability compared to simple hydrophobicity enhancement. While all the additives resulted in similar efficiencies (~22%),
cross-linking additives resulted in ~1.7 times increase in Tso compared to control devices during open circuit stability tests

in ambient air with relative humidity 70%.

1. Introduction

The stability of lead halide perovskite materials and devices has
been attracting increasing attention® as one of the major
concerns for their commercialization. Commonly used lead
halide perovskite materials have a formula APbXs, where A
denotes small organic cation, (methylammonium (MA) or
formamidinium (FA)) or Cs*, and X denotes halide anion.1®
These materials are known to be intrinsically unstable, and to
degrade under exposure to illumination, elevated temperature,
ambient environment (humidity, oxygen), and electrical bias,1>
which has led to the development of distinct device stability
testing protocols aiming towards improved understanding of
the degradation mechanisms.> Consequently, the perovskite
material and/or device degradation upon exposure to
humidity,”10 increased temperature,11-1® illumination,17.20-27
and bias?>2832 has been extensively studied, and a variety of
different perovskite compositions have been investigated for
improving efficiency and/or stability.9:20.21,26,33-40
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While the device degradation occurs not only due to
degradation of the perovskite layer, but also due to instabilities
in charge transport layers and/or electrodes,3* the stability of
the perovskite layer and in particular confinement of the mobile
ions to the perovskite layer and the prevention of the loss of
volatile decomposition products is critical for improving the
perovskite stability. However, the response to different
stressors and dominant degradation mechanisms are highly
dependent on the perovskite composition, including both
anions and cations. For example, the stability of lead halide
perovskites was found to be dependent on the halide anion,
typically following I<Br<Cl stability trend.l  Accordingly,
increasing Br content was reported to contribute to improved
tolerance to humidity, while in the case of illumination in the
presence of oxygen, only pure MAPbBr; was stable.3* However,
while better stability with Br has been reported in some
studies,17:19.34 in others the presence of Br contributed to faster
degradation2® and Br incorporation was reported to lead to
differences in phase transformations with increased
temperature which can worsen thermal stability.3> However, for
a different (triple cation) composition, it was shown that both
combination of three cations and incorporation of bromide
plays a role in preventing undesirable phase transformations3®
and improves stability.19.36

In addition to anions, cations also affect the stability, with
different cations resulting in different stability problems. For
example, FAPbls; and CsPbls exhibit crystal structure
instabilities, where the black cubic/quasi-cubic phase
transforms into undesirable thermodynamically stable yellow
phase (3-phase) upon exposure to heat, light, or humidity.242 In



contrast, MA* cation readily decomposes under different
conditions, contributing to general instability of MA-containing
perovskites.l In terms of thermal stability, CsPbls exhibited
significantly higher activation energy for thermal degradation
compared to hybrid organic-inorganic perovskites,’* and MA-
based and FA-based perovskites exhibited release of different
gases upon thermal decomposition.1! This likely occurs since for
both MA and FA, in addition to reversible acid-base reaction
involving deprotonation of organic ammonium and formation
of HX acid, other irreversible reactions can occur.l112 |n
addition, MA exhibits worse thermal stability than FA,1333 and
consequently MA-free perovskites exhibit better thermal
stability than MA-containing perovskites1638 and residual MA*
in the perovskite produced with MACI can still contribute to
decreased stability.33 Furthermore, thermal decomposition of
CsFAMA perovskite was found to release MA*- and I--containing
products, while Cs*, FA* and Br- were not affected.4
Differences in perovskite composition also affect response to
humidity exposure. For example, upon exposure to humidity
MAPbDI; at first forms hydrated phases, followed by irreversible
degradation to Pbl;, with the loss of volatile decomposition
products (methylamine and HI),34710 while phase
transformations occur for FAPbls and CsPbls;.248 Degradation
mechanisms under illumination in the presence of oxygen are
also different for different perovskites, but they share some
common features. In the presence of oxygen, photogenerated
electrons from the perovskite are scavenged forming a
superoxide ions3.627 resulting in an excess of photogenerated
holes.2” Furthermore, under illumination photogenerated
carriers participate in redox reactions, which result in the
generation and recombination of different defects, which in
turn can facilitate ion migration,3¢ and which are accelerated by
the exposure to oxygen20.21 or moisture.?! These reactions
include oxidation of I- by the photogenerated holes, and the
reduction of cations (lead and/or organic cations).2° However,
these reactions in hybrid organic-inorganic perovskites would
result in decomposition of the organic cation and the loss of
volatile deprotonated amine, while in inorganic perovskites, Cs
and Pb oxides are formed in addition to I, molecules.? The loss
of volatile degradation products from the organic cation
reduction makes the degradation irreversible,?®° in agreement
with the report that degradation of perovskite occurs when not
only halide anions but also organic cations participate in redox
reactions.3?

To date, various lead halide perovskite mixed compositions
have exhibited improved stability compared to the most-
studied MAPbIs;. However, contradictory reports exist in the
literature on the stability effects of different mixed perovskite
compositions, such as those including of MA and Br. For
example, both worsening2635 and improvingl7.19.36 of the
perovskite stability with inclusion of Br has been reported. On
the other hand, MA-free perovskites can exhibit advantage over
MA-containing in terms of thermal stability and photostability,
but not necessarily for stability under bias,2 and can be
susceptible to moisture.8 In addition, scarcity of detailed multi-
stressor studies and consideration of compositions which do
not necessarily yield high performance devices with power
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conversion efficiency (PCE)>20%, as well as differences in
perovskite fabrication and stability testing procedures, make it
difficult to combine results from different studies to optimize
perovskite composition. Consequently, an optimal perovskite
composition which would result in superior stability with
respect to illumination, moisture, and elevated temperature is
not fully clear.

As the combination of stress factors can accelerate the
degradation,’> it is important to perform a comprehensive
investigation of the effect of different stress factors on the
stability of perovskite films with different compositions, as well
as examine different passivation methods for improving the
stability. Therefore, we investigated the following perovskite
compositions: commonly used CsFAMA triple cation perovskite
with composition Cso.03(FA0.83MA0.17)0.97Pb(lo.83Bro.17)3,4142 low-
Br perovskite (Cso.0s(FAo0.98 MAo.02)0.95Pb(lo.98Bro.o2)3)** and MA-
free perovskite Cspi1FAooPblygBro1.44 We find that MA-free
perovskite exhibits the best stability among the compositions
under all testing conditions, and that this perovskite
composition is still sensitive to exposure to moisture under
illumination. To elucidate what type of passivating agent would
yield most significant improvement in the stability, we then
investigated additives#>->0 with different functionality, i.e.
additives which have different functional groups for passivating
defects, increasing hydrophobicity, as well as cross-linking
grains. The effects of these additives on the perovskite film and
device stability are discussed.

It should be noted that device stability remains a major problem
for perovskite solar cells. To tackle the problem of practically
relevant stability, it is important to both address the perovskite
and device design (perovskite composition, additives, selection
of charge transport layers and electrodes), as well as
encapsulation.>152 Different encapsulation methods have been
proposed for individual cells and modules,>1:52 which can serve
the function of preventing ingress of oxygen and moisture into
the device package, prevent outgassing of volatile perovskite
decomposition products, as well as prevent leakage of lead. For
the purpose of commercialization of perovskite devices, it is
also important to develop appropriate accelerated aging
protocols,>3-58 which can also be combined with different
spectroscopic investigations of the degradation processes.>5>7

Acceleration of the degradation could be achieved by different
protocols, such as increased illumination intensity,>3 or
increased temperature under illumination.>* Among different
acceleration laboratory testing protocols, illumination at
elevated temperatures has been linked to outdoor testing
performance.>* In general, it has been proposed that
combinations of different testing protocols involving multiple
associated stressors needs to be employed for prediction of
outdoor stability,>4>> since degradation signatures for outdoor
testing could not be reproduced by a single-stressor test (UV
illumination, thermal cycling).>> In addition, linking the results
of indoor accelerated testing to outdoor performance is further
complicated by the fact that observed degradation processes,
such as partial delamination, can be climate dependent.>¢ In
addition, while acceleration factors considering diffusion of
oxygen into the package have been derived, but the barriers
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designed to confine volatile perovskite degradation
components have not been considered.>8

In this work, we employed testing without encapsulation as
accelerated aging, since we aim to investigate the relationships
between changes in perovskite films exposed to different
stressors and the device stability. We have tested
unencapsulated devices to accelerate degradation,®® as we
commonly observe the same stability trends in devices with and
without encapsulation, just with longer Tgo with encapsulation.
This indicates that the processes contributing to the
degradation cannot be entirely suppressed by encapsulation
preventing ingress of oxygen and moisture, as well as
preventing loss of volatile decomposition products. As the
halide oxidation is driven by excess photogenerated holes,??
this process can occur even in the absence of oxygen acting as
an electron scavenger. Consequently, it isimportant to improve

the stability of the devices as much as possible through

perovskite composition and device architecture optimization,
to ensure that optimized devices would exhibit exceptional
stability combined with encapsulation.

2. Results and Discussion

Figure 1 shows the J-V curves for champion devices for 3
different compositions investigated. We can observe that for all
compositions we obtain high performance devices, with the
lowest efficiency ~22% obtained for CsSFAMA perovskite, while
we obtain higher efficiency (close to 24%) for low-Br perovskite,
and 22-23% MA-free perovskite, which is the only
composition exhibiting obvious hysteresis, indicating that
further optimization of charge extraction in these devices is
possible.
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Figure 1 J-V curves (forward and reverse scan) of champion devices for three different perovskite compositions.

However, while low-Br perovskite yields the highest efficiency,
this composition exhibits very poor stability, as shown in Figure
2. Low-Br perovskite crystallizes in the cubic space group P4-3m,
with refined unit-cell parameter a = 6.329(4) A, similar to the
previously reported structure.® Exposure in all conditions leads
to the degradation of the cubic phase, as evidenced by the
appearance of Pbl, diffraction lines, while the illumination
additionally causes the appearance of both hexagonal &-
(FA)Pbls phase in P6smc space group with unit-cell parameters
a =8.624(1) A, c = 7.906(6) A as reported by Kanatzidis et. al.6!
and orthorhombic 3-CsPbls phase in Pnma space group with
refined unit-cell parameters a = 10.445(5) A, b = 4.798(1) A and
¢ = 17.759(4) A.51 Along with the decrease of intensities of
diffraction lines during aging in all conditions, from profile
fitting analysis we can also observe pronounced broadening of
perovskite diffraction lines indicating the deterioration in
overall perovskite crystallinity (Figure S1a).

CsFAMA perovskite has also been refined in P4-3m space group
with unit-cell parameter a = 6.282(6) A. Observed decrease of
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mixed perovskite unit-cell parameter compared to low-Br is in
accordance with the chemical composition since this perovskite
sample contains smaller amount of FA cation (which is the
largest cation among MA and Cs, with effective ionic radius r =
253 pm thus having the biggest effect on the size of the unit
cell). Unlike low-Br, for mixed perovskites aging in all conditions
leads to the appearance Pbl; exclusively, without crystallization
of 3-(FA)Pbls or 3-CsPbls phases, similar to the degradation of
perovskites which contain only MA cations.3471017 As in the
case of low-Br, degradation of mixed composition is also
accompanied with severe loss of crystallinity (Figure S1b). It
should be noted that the degradation under illumination which
leads to the formation of Pbl, is a consequence of
photo/electrochemical degradation processes initiated by
halide oxidation.5%6263 |n contrast, degradation involving phase
transformations not been directly linked to
photo/electrochemical degradation.

has
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Figure 2. XRD patterns of low-Br, CsSFAMA, and MA-free perovskite films before and after exposure to different aging conditions.
Cubic perovskite phase is denoted by black squares while the reflection positions of hexagonal &-(FA)Pbls and orthorhombic -
CsPbls phases are denoted with yellow hexagons and orange rectangles, respectively. The insets show photos of the films.

Finally, MA-free perovskite, refined in cubic space group with
unit cell parameter a = 6.3189(1) A, exhibits excellent stability
under all conditions (just a small increase in Pbl, is observed for
aging at 85°C) which is in agreement with improved thermal
stability?3® and photostability? of MA-free perovskites.3®
Stability of MA-free perovskites is most affected by the
presence of moisture where we observe the appearance of both
3-(FA)Pbls or 8-CsPbls phases. Results of refinement for MA-free
perovskite after aging under illumination the N, in the presence
of moisture are shown in Figure S2. It is interesting to notice
that, unlike low-Br and mixed perovskites, degradation of MA-

4 | J. Mater. Chem. A

free perovskite does not seem to have significant effect on its
overall crystallinity; we can observe that full-width-at-half-
maxima parameter for aged sample remains almost the same as
in the as-prepared indicating there is no decrease of coherent
diffraction domains (crystallites) and no significant loss of
crystallinity (Figure S1c). Similar stability trends, with MA-free
perovskite exhibiting the highest stability, are also observed
under illumination in ambient air.>®

This journal is © The Royal Society of Chemistry 2025
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Figure 3. a) Schematic diagram of the device structure and b) Normalized PCE vs. time under simulated solar illumination 100

mW/cm2 in dry air.

In addition to inferior stability, low-Br perovskite is also highly
sensitive to the glove box temperature, as illustrated in Figure
S3. Among the three compositions, CsSFAMA perovskite exhibits
the lowest variation of device performance with the glove box
temperature, as expected from widespread use of this
particular perovskite composition. To verify whether the trends
observed in film stability are preserved in the device stability
comparisons, device stability tests were conducted following
ISOS-L-1 protocol®> without encapsulation in dry air and under
open circuit (OC) conditions to accelerate degradation.3?
Schematic diagram of the device architecture and the obtained
results of the stability tests are shown in Figure 3. Significantly
higher stability of MA-free perovskite is obtained compared to
other compositions. As the MAPbI; has inferior photostability
compared to other perovskite compositions?! and its
degradation produces highly volatile degradation products,?3
and the loss of volatile decomposition products and
consequently irreversible degradation,2?it is expected that MA-
containing perovskites would exhibit worse stability compared
to MA-free composition.

To address the sensitivity of MA-free perovskite to humidity
exposure without introducing complex processing protocols,
we considered different additives, with chemical structure
shown in Figure S4. While the need for the investigation of the

effect of perovskite compositions and additives on
photoelectrochemical processes, ion migration,
degradation has been recognized, the effect of additives
targeting point defect passivation or more general grain
boundary passivation is largely unknown. A number of different
additives with various functionalities has been investigated in

the literature.45-5064.65 Here we selected different additives,

and

which have some similarities, while each has one distinct
feature. 3-phosphonopropionic acid (3PPA) was reported to
modulate the crystallization to increase the grain size, release
residual strain, and passivate grain boundary defects.50 For this
additive, C=0 and P=0 bonds can coordinate with Pb2+* and form
hydrogen bonds with N-H group of organic cation.0 Thus, the
presence of multiple functional groups in this additive allows
interactions with lead ions through coordination or ionic
bonding, as well as organic and halogen ions through hydrogen
bonding.50 Phosphonic group in particular is expected to be
beneficial due to its stronger H-donating character.49.50
Moreover, 3PPA was reported to passivate shallow defects (FA
and | vacancies) which affect the device stability.*® We also
considered formamidinium tetrafluoroborate (FABF4), since
BF, was proposed to regulate perovskite crystallization
dynamics,%> passivate halogen vacancies,*>46 increase
hydrophobicity*> and reduce trap density.4” In general, organic



cation-pseudohalide compounds can suppress the formation of
both cation and anion vacancies.4>46.65 For example, in the case
of FABF4, BF4 would fill halide vacancies,*>**’since BF4 can be
effectively incorporated into the lattice of a mixed halide
perovskite.4” Finally, we also investigated the use of cross-
linkable (CL) additive, N,N-Methylenebisacrylamide, which has
been shown to significantly improve photostability of
perovskite films and suppress expulsion of iodide under
illumination at elevated temperature.*® It was also proposed to
suppress ingress of moisture into the perovskite and leakage of
Pb out of the perovskite.*® This additive is also capable of
interacting with under-coordinated Pb2* through C=0 group, as
well as the formation of hydrogen bonds through N-H group.48
In addition, this additive forms an uniform amorphous layer on
the surface of perovskite grain.4® It should be noted that the
passivation of grain boundaries and interfaces is particularly
important, as the dangling bonds and disorder are expected to
provide abundant reactive sites for photoelectrochemical
reactions leading to perovskite degradation, in addition to
providing pathways for ion migration.®3 Thus, all additives
investigated can passivate defects and form hydrogen bonds
with the perovskite. Hydrogen bonding is
particularly significant as it facilitates surface hydrophobicity

considered

and self-healing.5> The encapsulation of individual grain with a
thin polymer layer#® is a distinguishing feature of CL additive
compared to other additives investigated. In the case of 3PPA,
stronger hydrogen bonding through phosphonic group is a
distinguishing feature, while for FABF, we expect to see
increased resistance to moisture due to increased binding
energy of H,0 due to elimination of cation and anion vacancies
typical for organic ammonium-pseudohalide salt passivators.64

Control
Oh

We can observe that all additives result in increased
hydrophobicity of the perovskite film, as shown in Figure S5,
with the contact angles observed exhibiting order
Control<FABF,<CL<3PPA. Despite the fact that additives can
alter the perovskite crystallization, no significant change in the
morphology is observed, as shown in Figure S6. From FTIR
measurements of films containing additives and FAI (Figure S7)
and additives and perovskite (Figure S8) we can observe peak
shifts as well as changes in relative peak intensities and
consequent changes in peak shapes for peaks corresponding to
N-H stretches, C=N stretch and N-H bending,5%%6 indicating
changes in hydrogen bonding with organic cations.>0 This is not
surprising as all additives contain functional groups capable of
forming hydrogen bonds. The most prominent changes have
been observed for CL additive.

To evaluate the effects of additives on resistance to humidity,
in ambient atmosphere

(RH=70%) and obtained results are shown in Figure 4. Based on

the perovskite films were aged

the intensities of perovskite diffraction lines after 480 of aging,
we can observe improved stability for all additives compared to
the control. However, CL and FABF, are clearly being more
effective than 3PPA in spite of their lower hydrophobicity
compared to 3PPA (Figure S5). Elimination of surface cation and
anion vacancies expected for FABF, is expected to decrease
interaction with H,0,%4 while for CL surface encapsulation of
perovskite grains by CL is likely responsible for the improved
stability. It should also be noted that the dominance of &-
(FA)Pbls phase is associated with significant decrease in the
perovskite phase, while the presence of similar levels of &-
(FA)Pbls and 3-CsPbls phases is associated with the persistence
of the perovskite phase.

Control
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FABF,
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3PPA
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Figure 4. XRD patterns of MA-free perovskite films with different additives before and after aging in ambient environment (~70%
RH) under ambient illumination for control, CL, FABF4, and 3PPA. Cubic perovskite phase is denoted by black squares while the
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reflection positions of hexagonal 3-(FA)Pbls and orthorhombic 8-CsPbl; phases are denoted with yellow hexagons and orange

rectangles, respectively.
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Figure 5. a) TRPL decay curves of perovskite films with different additives b) Vo as a function of illumination power for solar cells

with different additives.

To investigate the effects of different additives of defect
passivation, TRPL measurements were performed. This
technique is commonly used for the investigation of charge
transfer and/or recombination in halide perovskites,t7.68 but the
interpretation of the obtained data can be difficult due to
influence of the model used®” as well as the sample quality and
measurement parameters®® on the obtained results. As the
films exhibit no significant morphology differences (Figure S6),
they are expected to have similar quality and hence the TRPL
measurements can serve as useful tool for relative comparisons
between these samples. To enhance the analysis of the
measurement results shown in Figure 5a, both bi-exponential
decay model and bimolecular trapping-detrapping model®’
were used for fitting and the obtained parameters are
summarized in Table S1 and S2, respectively. Bi-exponential
model is commonly used for fitting the TRPL data of lead halide
perovskite materials, with shorter decay time attributed to trap
mediated recombination and longer decay time to radiative
recombination.®” However, for all the additives we can observe
a significant decrease in the shorter decay time and a significant
increase in the longer decay time. As such a simplistic model is
often difficult to interpret with multiple processes contributing

This journal is © The Royal Society of Chemistry 2025

to each of the two decay times, we also analyzed the data using
bimolecular trapping-detrapping model.5” We can observe that
there is a small increase in bimolecular recombination and a
corresponding decrease in trap-mediated recombination for all
three additives compared to control samples, but the effect is
small for 3PPA and FABF,, while more pronounced change is
observed for CL additive. This observation is consistent with the
decrease in the diode ideality factor n;p determined from V¢ vs.
illumination power dependence (Figure 5b), which is consistent
with a decrease in trap-assisted recombination.*® Similar to a
previous report for different perovskite composition, 3PPA
resulted in a very small decrease in the ideality factor compared
to control sample, as expected since hydrogen bond formation
involving shallow defects is not expected to affect non-radiative
recombination.?® The most significant difference was obtained
for CL additive, which also exhibited the lowest concentration
of the trap states Nrfrom the TRPL data. For the CL additive, we
also observe higher Voc and narrower Vo distribution compared
to other samples (Table S3, Figure $10), in agreement with TRPL
and n;p measurements. Lower ideality factor and the reduction
of non-radiative recombination in the case of CLis in agreement
with the previous report for MAPbI; with CL.48

J. Mater. Chem. A | 7
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Figure 6. a) J-V curves for solar cells with different additives. b) Normalized PCE of devices without encapsulation
under simulated solar illumination (100 mW/cm?) MPPT in ambient (~70% RH) c) Normalized PCE of encapsulated
devices under simulated solar illumination (100 mW/cm?) MPPT in ambient (~70% RH) (I1SOS-L-1).

The J-V curves of solar cells with different additives are shown
in Figure 6a, while corresponding external quantum efficiency
(EQE), stabilized power output (SPO), and device performance
statistics are shown in Figure S9 and S10. Device performance
statistics (12 devices from 4 substrates) is also summarized in
Table S3. No significant reproducibility differences were
observed between control samples and devices with different
additives, as any failures observed and excluded from statistical
analysis have obvious defects, such as dust particles, clearly
observable by naked eye. It should be noted that devices with
CL additive demonstrated smaller performance variation from
device to device, as observed in device performance statistics in
Figure S10, as well as small difference in J-V curves between the
best and the worst devices, shown in Figure S11. All the
additives yield some improvement in the best device
performance, but overall the differences between the control
device and devices with additives are small. However,
significant differences in device stability are obtained, as shown
in Figure 6 b and 6c¢. It has been previously shown that 3PPA can
passivate shallow defects and thus improve device lifetime,
without having a significant effect on the efficiency.4® As the
previous investigation was applied to RoCsFAMA and CsFAMA
perovskite and conventional architecture devices,*® and we
investigated MA-free perovskite in inverted architecture, the
shallow defect passivated by 3PPA is likely not cation related.
We can also observe that FABF4 and 3PPA result in a small
increase in FF, and a small decrease in Vo, while for CL the
opposite trend is observed. This indicates a possible difference
in types of shallow defects targeted by different additives. It has
been previously shown that 3PPA can passivate one of the three
defects present in RbCsFAMA perovskite, namely the most
shallow defect.*?

In terms of device stability, the most significant improvement is
obtained for CL additive. The obtained results highlight critical
role of cross-linkable grain boundary passivation, which
simultaneously slows down the ingress of oxygen and moisture
into the perovskite and reduces ion migration through the grain
boundaries. Our results also highlight the critical importance of
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perovskite composition, since in our case 3PPA did not yield as
significant stability enhancements as previously reported for
RbCsMAFA devices*® or MA-free devices with different
composition.?0 It should also be noted that defects in perovskite
are constantly being generated and are annihilated under
illumination and/or bias as a consequence of electrochemical
redox reactions in the perovskite.®3 Consequently, the device
degradation is strongly affected by the migration of oxidized
iodide species, rather than simply determined by initial
concentration of native defects present. Considering that the
cross-linkable stabilization strategies rely on reducing migration
of mobile ions as well as ambient air molecules through the
grain boundaries instead of passivation of specific types of
defects) whose concentration is perovskite composition
dependent, we expect that cross-linking strategies can yield
more universal stability improvements compared to simple
defect passivation.

To distinguish between the suppression of ion migration,
confinement of degradation products, and/or suppression of
moisture and oxygen ingress, we performed aging under
illumination in ambient, and examined the perovskite crystal
structure and composition after the aging. J-V curves of the cells
before and after aging in ambient under open circuit condition
under 1 Sun illumination are shown in Figure S12, while the
corresponding XRD patterns are shown in Figure S13 and Pb and
| content in the perovskite after removal of the electrode and
PCBM is summarized in Table S4. Control devices have worse
stability and fail sooner than the devices with additives, so that
representative J-V curve for control device is shown for 48 h,
while for others it is 72 h, and the perovskite film analysis is
performed after 72 h in all cases. We can observe increased
hysteresis in J-V curves after aging (Figure $S12). lonic losses are
known to be a significant contributor to performance
degradation under illumination,®® and they typically manifest
via significant reduction in Js, as we can indeed observe in our
devices. Reduction of FF, but lower hysteresis in aged devices
compared to other additives is observed for 3PPA, while CL
devices consistently exhibit the best stability consistent with

This journal is © The Royal Society of Chemistry 2025



stability tests under MPPT (Figure 6b). The presence of
hysteresis in perovskite solar cells aged in ambient has been
linked to moisture/O, ingress and changes in iodide
distribution,” and 3PPA samples exhibited the highest
hydrophobicity. However, EDX analysis exhibits only minor
differences in Pb:l ratios before and after aging for all samples.
Possible explanation for this is the fact that EDX was performed
in another university, which could have reversed the changes
due to ion migration as the samples were not illuminated during
transport. It is generally known that ion migration is responsible
for the reversible performance losses during day/night
cycling,”* and that the degradation of the perovskite can be
reversible if the oxidized iodine is still present in the material,
and become irreversible upon expulsion of oxidized iodine.®2
From the XRD patterns (Figure S13), we can observe
degradation in the perovskite crystallinity for all samples except
CL sample, but no additional phases could be observed for the
test time used which lead to significant degradation of solar cell
performance. Thus, the mobile ions originating from
photo/electrochemical redox reactions at the surface of
perovskite grains®3 likely resulted in crystallinity degradation of
control, 3PPA, and FABF,; samples. In contrast, as CL additive
covers individual perovskite grains with very thin amorphous
polymer layer,*8 we can attribute increased stability to the grain
boundary stabilization as there is negligible change in the
intensity of XRD peaks.

3. Conclusion

We investigated the effect of perovskite composition to its
degradation in different environments under illumination. We
found different dominant degradation pathways (degradation
to Pbl; in CsFAMA perovskite, degradation to undesirable
crystal structures in other compositions) depending on the
perovskite composition. While MA-free perovskites exhibited
better stability overall, they were sensitive to humidity
exposure under illumination. Among different passivating
molecules, cross-linking passivator exhibited more significant
improvement in device stability compared to passivators which
only had defect passivating capability. Our results clearly
demonstrate that internal encapsulation of perovskite grains by
cross-linking additive is of critical importance in achieving
improved long term stability.
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