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Defect-Healing in Perovskite Photovoltaics Driving

Long-Term Reliability and Performance

Xiaochun Zhang, Qing Cao,* Luyao Wang, Tiankai Zhang, Kaiyu X. Fu, Zhe Li,

Antonio Abate, Meng Li,* and Guixiang Li*

Perovskite solar cells (PSCs) have achieved remarkable power conversion effi-
ciencies exceeding 27%, yet their commercial deployment remains hindered by
intrinsic instabilities and vulnerability to environmental stressors. Self-healing
strategies have emerged as a promising route to address these limitations by
enabling in-operando repair of defects arising from light, moisture, heat, and
mechanical stress. This review outlines degradation pathways, distinguishing
between reversible and irreversible processes, and the fundamental
mechanisms that enable defect healing. Three primary strategies system-
atically discussed are: i) composition engineering to tune defect dynamics,

ii) incorporation of robust polymer/hybrid networks to suppress mechanical
and environmental degradation, and iii) dynamic bonding systems that enable
reversible structural healing. Representative studies are analyzed in terms of
activation conditions, healing mechanisms, and stability improvements under
bending fatigue, thermal cycling, and long-term light exposure. Beyond mecha-
nistic insights, this review uniquely bridges fundamental insights with scalable
application prospects, including roll-to-roll manufacturing, flexible electronics,
and building-integrated photovoltaics. The compatibility of self-healing frame-
works with industrial encapsulation and packaging, offering a pathway from
lab-scale demonstrations to industrial-scale deployment is also examined. By
integrating multi-triggered healing chemistries with large-area manufacturing,
these strategies pave the way toward durable, high-performance,

and commercially viable PSC technologies for real-world energy applications.

1. Introduction

As an emerging photovoltaic (PV) tech-
nology, perovskite solar cells (PSCs) have
sparked a research boom in both academia
and industry. Their excellent optoelec-
tronic properties, continuously improving
efficiency, low raw material costs, and
solution-based  processing  techniques
demonstrate enormous potential to re-
shape the photovoltaic market, sparking
optimism and excitement about the future
of solar energy.'3] To date, the efficiency of
single-junction perovskite solar cells has ex-
ceeded 27%.1*°1 Despite these remarkable
leaps in efficiency, the long-term opera-
tional stability of devices under complex
real-world conditions remains the primary
bottleneck hindering their large-scale com-
mercialization. This underscores the urgent
need for research and development in this
field.8] Key stability challenges encom-
pass intrinsic material instabilities (e.g.,
ion migration, phase decomposition),®2]
environmental factors (e.g., humidity,
heat),"51  degradation from large-area
fabrication,['*8]  and inherently short
operational lifetimes of devices.['21]

X. Zhang, T. Zhang, G. Li Z. Li
School of Materials Science and Engineering
Southeast University

Nanjing, Jiangsu 211189, China

E-mail: guixiang.li@seu.edu.cn

Q. Cao, K. X. Fu

Department of Chemistry and Biochemistry
University of Notre Dame

Notre Dame, IN 46556, USA

E-mail: gcao2@nd.edu

L.Wang

State Key Lab for Physical Chemistry of Solid Surfaces
Department of Chemistry

College of Chemistry and Chemical Engineering

Pen-Tung Sah Institute of Micro-Nano Science and Technology
Xiamen University

Xiamen 361005, China

A. Abate

A. Abate

A. Abate

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202523417

DOI: 10.1002/adfm.202523417

Adv. Funct. Mater. 2026, 36, €23417 €23417 (1 of 23)

School of Engineering and Materials Science (SEMS)
Queen Mary University of London
London E14NS, UK

Helmbholtz-Zentrum Berlin fiir Materialien und Energie GmbH
Hahn-Meitner-Platz 1, 14109 Berlin, Germany

Department of Chemical

Materials and Production Engineering
University of Naples Federico I

Piazzale Tecchio, 80, Naples 80125, Italy

Department of Chemistry
Bielefeld University
Universitatsstrale 25, 33615 Bielefeld, Germany

© 2025 Wiley-VCH GmbH


http://www.afm-journal.de
mailto:guixiang.li@seu.edu.cn
mailto:qcao2@nd.edu
https://doi.org/10.1002/adfm.202523417
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202523417&domain=pdf&date_stamp=2025-10-23

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

In recent years, considerable efforts have been devoted to im-
proving the stability of perovskite materials through strategies
such as passivation engineering,[?2-2* additive engineering,!?>2°!
and full-device encapsulation.[?”?8] Once the initial protective
measures lose efficacy, devices undergo irreversible performance
decline, ultimately limiting their operational lifetimes. However,
the potential of in-operando defect repair through self-healing
strategies holds significant promise for overcoming this long-
standing stability bottleneck, instilling hope and optimism in
the future of perovskite photovoltaics and other optoelectronic
applications.[?]

Inspired by the self-healing capabilities found in nature, re-
searchers have developed self-healing materials and advanced
their translation into product applications.l3*32] The mecha-
nisms of action for such materials involve physical or chemi-
cal processes, such as ion migration, defect repair, and struc-
tural reorganization within perovskite materials. These pro-
cesses can occur spontaneously or be triggered by external
stimuli.?3-3%] Furthermore, common environmental factors that
usually accelerate perovskite degradation, including light,¢!
moisture/oxygen,’’1 and temperature,[***] can also serve as
triggers for self-healing. By introducing these factors into the per-
ovskite film, the very elements that harm stability can be trans-
formed into agents that repair damaged materials in devices,
thereby significantly extending their operational lifetime.[**~#4]
Alternatively, dynamic self-healing can take place under mild
conditions (e.g., removal of illumination or heat stress). In this
mechanism, spontaneously migrating ions and structural re-
laxation repair reversible defects induced by photo/electrical
stress, restoring optoelectronic properties and enhancing device
stability.[* 7]

2. Degradation Mechanisms of Perovskites

2.1. Light-Induced Reactions

Light exposure is a key environmental stressor that triggers
complex physicochemical changes in perovskite materials, lead-
ing to structural decay, performance loss, and eventual device
failure.[**#1 Understanding the intrinsic mechanisms behind
this light-induced degradation is essential for developing effec-
tive strategies to improve stability and extend device lifespan.
This chapter systematically explores the primary degradation
pathways responsible for the photochemical instability of halide
perovskites, providing a foundation for designing optically stable
and self-healing perovskite systems.

For perovskite devices, the simultaneous presence of light
and oxygen drastically accelerates material decomposition and
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severely compromises stability. However, illumination alone re-
mains sufficient to induce perovskite degradation.!*>>%! Further-
more, ultraviolet (UV) radiation exerts a particularly pronounced
destabilizing influence on these materials. Under UV exposure,
MAPDbI; perovskite undergoes either reversible or irreversible
degradation.l’'*2] The resultant decomposition product, lead io-
dide (Pbl,), may further degrade through chain reactions, as il-
lustrated in Equations (1)—(3). Critically, the decomposition of
MAPDI, not only directly impairs device performance but also
facilitates the formation of metallic lead (Pb°). This elemental
PO significantly enhances non-radiative recombination within
the device, thereby impeding charge carrier transport and exac-
erbating efficiency losses.[>3>*]

CH,NH,Pbl, - NH, + CH,I + Pbl, 1)
CH,NH,Pbl, <& CH;NH, + HI + PbI, (2)
Pbl, & Pb0 +1, 3)

As described in Equation (1), MAPDI, undergoes irreversible
degradation, producing volatile gases methyl iodide (CH,I), am-
monia (NH,), and lead iodide (Pbl,). Equation (2) depicts the re-
versible decomposition pathway of MAPbI,, yielding methylam-
monium (CH;NH;), hydrogen iodide (HI), and PbI,. Initially, the
presence of PbI, was considered beneficial, acting as an optical
filter that mitigates further degradation.>>*¢ Furthermore, an ap-
propriate amount of Pbl, can passivate defects at perovskite grain
boundaries and interfaces.>’! Paradoxically, as Pbl, accumulates,
the degradation rate accelerates, leading to the reaction shown in
Equation (3), where PbI, decomposes into metallic lead (Pb°) and
elemental iodine (I,). This process ultimately drives the progres-
sive structural collapse of the perovskite material.

Current understanding indicates that the reversible pathway
primarily dominates the photodegradation of MAPbDI;. Yan et al.
proposed that at room temperature, CH,NH, and HI are the
main decomposition products (Figure 1a,b). Under light exci-
tation, photogenerated carriers facilitate the deprotonation of
CH,NH,;*, leading to the formation of methylamine and mo-
bile protons. These mobile protons, in turn, participate in fur-
ther secondary reactions, indirectly accelerating the additional
decomposition of MA*. The mobile protons interact with sur-
face iodide ions (I7), producing volatile HI and creating iodide
vacancies (V). Significantly, the reversible nature of these light-
induced reactions provides a mechanistic foundation for the ob-
served self-healing of perovskite device efficiency.l?! Similarly, Qi
et al. demonstrated the thermodynamically reversible decompo-
sition of hybrid lead halide perovskites under mild visible-light ir-
radiation at ambient temperatures. As schematized in Figure 1c,
this process establishes a perpetual cycle of dissociation and ref-
ormation wherein gaseous decomposition byproducts maintain
chemical equilibrium.[>! Experimental validation was achieved
through photodecomposition assays of Pbl, within a custom-
designed reaction chamber (Figure 1d,e). In situ spectroscopic
monitoring confirmed the regeneration of perovskite phases,
substantiating the equilibrium-driven healing mechanism.

To assess the PSCs’ photostability, Dalal et al. exposed de-
vices to full-spectrum sunlight for 100 h (Figure 1f). During this
period, the open-circuit voltage (Voc) increased until reaching
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Figure 1. a) Deprotonation and release of MA™ gas.[®2] b) formation of HI gas and VI.[>2] Copyright 2018, Royal Society of Chemistry. c) MAPbl,
photodecomposition and thermal degradation processes.[>'l d) Pbl, decomposition process driven by visible light (<530 nm) above the Pbl, band gap
at40to 60 °C.[>1 e) emperatureassisted Pbl, evaporation at 70 °C in the dark.I>"] Copyright 2018, Juarez-Perez et al. f) Degradation in device performance
versus time.[’®] g) The recovery of device performance at various times after exposure is stopped and the device is kept in dark at 25 °C.[58) h) Defect
density measured using the capacitance-frequency method before and after exposure.l>8] (black-before exposure; red-1 min after end of exposure; green-1
h after end of exposure; blue-14 h after end of exposure).Copyright 2016, Joshi et al.[°8] This article is distributed under a Creative Commons Attribution

(CC BY) license.

saturation, while the short-circuit current density (Jsc) exhibited
continuous degradation. Subsequently, the devices underwent
thermal annealing in the dark. Figure 1g illustrates the evolution
of the J-V curves after dark annealing: Jsc rapidly recovered to
its initial value. Voc initially dropped below its original level but
gradually recovered thereafter. After 14 h of dark storage, the J—
V characteristics exhibited nearly complete recovery to their pre-
degradation state. Their findings (Figure 1h) demonstrate that
the electronic density of states (DOS) remained unchanged be-
fore and after degradation. This invariance provides direct evi-
dence for the thermally reversible nature of light-induced degra-
dation in these perovskite materials.®®! Similarly, research by
Nie et al. examined the evolution of two specific points (A and
B, where A-red circles, ] = 0, V = Voc, B-blue circles, ] = Jsc,
Voc = 0) on the J-V curves under illumination (Figure 2a).['}]
Point A exhibited a substantial decrease in power conversion
efficiency (PCE), approaching 40%, while the degradation rate
at Point B was significantly retarded. Following storage in the
dark, the device parameters gradually recovered to their initial
values. To explain this phenomenon, they proposed a dynamic
degradation model (Figure 2b): under constant 1-sun illumi-
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nation, the population of photoactivated metastable trap states
(red dashed line) continuously increases. These states accumu-
late over timescales ranging from minutes to hours, leading to
the formation of charged regions within the bulk film. Conse-
quently, this charge redistribution drives the observed photocur-
rent degradation. When the device is placed in darkness, the ma-
jority of these photoactivated traps dissipate. Upon subsequent
re-illumination, the photocurrent (and consequently the PCE)
self-heals, recovering to ~100% of its initial steady-state value
(self-healing mechanism).

2.2. Thermal Stress

A critically important yet inadequately addressed challenge for
perovskite devices lies in the inherent thermal instability of the
perovskite material itself. According to the international standard
IEC 61646, the thermal stability testing for perovskites mandates
that devices must maintain stability at 85 °C—a benchmark tem-
perature representing peak rooftop temperatures encountered
on hot summer days.>! Early thermogravimetric analysis (TGA)
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Figure 2. a) Time evolution of device performance and figures of merit under constant 1-sun illumination and after resting the device in the dark.["3]
b) Schematics of the proposed photocurrent degradation and self-healing mechanism based on perovskite layer band structure evolution, sketching
the valence (VB) and conduction (CB) bands for three situations.['*] Copyright 2016, Wanyi Nie et al. ¢) Schematic diagram of the phase equilibria in
the Pbl, - CH;NH;1 H,O system.[%4] Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. d) Forward bias to short circuit (FB-SC) and
short circuit to forward bias (SC-FB) current-voltage curves measured under AM 1.5G simulated sunlight for an MSSC.I”"l e) Photocurrent density and
power conversion efficiency as a function of time for the same cell held close to 0.75 V forward bias.[”"] Copyright 2014, American Chemical Society.
f) Schematic of the vertical structure device.l”?] g) Photocurrent hysteresis curves of the devices under continuous current sweeping at a rate of 0.14 V
s~! between —2.5 V and 2.5 V.[7? Copyright 2014, Springer Nature Limited. h) Diffusion paths for the V,, Vya, Vpy, and |; defects.l”3] Copyright 2015,

Royal Society of Chemistry.

studies revealed that MAPbI, decomposes via two distinct path-
ways under thermal stress.[6061]

A
CH,NH,PbI, — NH, + CH,]I + PbI, (4)

A
CH,NH,PbI, < CH,NH, + HI + PbI, )

Equation (4) represents an irreversible reaction. The decom-
position of MAPDI; into NH; and CH,I is thermodynamically
unfavorable for reversal, resulting in permanent degradation of
the material. MAPDI, tended to degrade along Equation (5) atlow
temperatures. Currently, precise decomposition products under
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thermal stress remain ambiguous, as they are critically depen-
dent on factors such as device encapsulation, substrate choice,
and contact materials.

Compared to MAPDI,, FAPDI, exhibits superior thermal sta-
bility, which can be attributed to two main factors related to
its distinct cationic properties. First, the MA™ is a relatively
small and polar molecule, which exhibits significant dipole dis-
order and dynamic disorder within the perovskite lattice. This
molecular-level disorder makes the crystal structure more sus-
ceptible to distortion and deformation under thermal stress,
thereby lowering the energy barrier for phase transitions. In con-
trast, the FA* is larger and possesses higher molecular symme-
try. These characteristics allow it to form a more ordered and
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rigid crystal lattice, which better resists thermal degradation. Sec-
ond, the interaction between the organic cation and the inorganic
[Pbl;],~ framework differs significantly. MA* contains only one
N—H group that can form a hydrogen bond with the iodide ions
(I") in the lattice. This single hydrogen bond is relatively weak
and more prone to breaking at elevated temperatures. On the
other hand, FA" features two N—H groups, enabling the for-
mation of a stronger, bidentate hydrogen-bonding network with
the inorganic framework. This enhanced interaction more effec-
tively anchors the FA* cation within the lattice, increasing the
activation energy for ion migration and structural decomposi-
tion. Nevertheless, studies indicate that FAPbI, undergoes spon-
taneous transition at room temperature from the photoactive cu-
bic phase (a-FAPbI;, black phase) to the non-photoactive hexago-
nal phase (6-FAPDI;, yellow phase). This phase instability consti-
tutes a fundamental origin of its thermal instability.[2%] Follow-
ing the formation of the §-phase, irreversible chemical decom-
position occurs under sustained thermal stress. When tempera-
tures exceed 95 °C, the primary decomposition product is sym-
triazine (C;H;N;) (Equation 6). Below 95 °C, reversible reactions
generate hydrogen cyanide (HCN) and ammonia (NH;) (Equa-
tion 7). As the temperature progressively rises to 360 °C, HCN
becomes the predominant decomposition product.

3CH(NH,),Pbl, = (HCN), + 3NH, + 3PbL, + 3HI (6)
CH(NH,) PbI, > HCN + NH, + Pbl, + HI (7)

2.3. Moisture-Induced Degradation

Exposure to moisture triggers degradation in perovskite materi-
als, significantly compromising their stability. This process in-
volves intricate reaction pathways. Elucidating the underlying
degradation mechanisms is crucial for formulating effective self-
healing strategies.

As illustrated in Figure 2c, MAPbI; undergoes sequential hy-
dration upon water exposure (Equation (8)).1%%] Initial contact
forms a 1D hydrated perovskite phase (CH,;NH,PbI;-H,O). Pro-
longed water exposure accelerates degradation, reducing the 1 D
hydrate to a 0 D hydrated phase ((CH;NH,;),Pbl,-2H,0) (Equa-
tion 9).1°667] This hydration process is fully reversible under dry
conditions. However, the transformation to the 0 D phase gener-
ates Pbl, as a byproduct through CH,NH,* dissociation.®®! This
byproduct formation triggers redistribution of organic and in-
organic components, causing compositional inhomogeneity, al-
tered grain volume, and modified film morphology—collectively
degrading device optoelectronic performance. Notably, excess
ions (CH;NH;" and I7) in the dehydrated 0 D phase can
migrate to adjacent PbI,-rich domains, ultimately reforming
CH,;NH,PbI,.1%] The complete reaction pathway is shown in the
equations below (Equation 10).

CH,NH,PbI, + H,0 < CH,NH,Pbl, - H,0 8)

(4 — n)CH,NH,Pbl,+nCH,NH,PbI, - H,0 + (2 — n)H,0

& (CH,NH,),Pbl, - 2H,0 + 3Pbl, 9)
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(CH,NH,),Pbl, - 2H,0 < PbL,+4CH,NH,I + 2H,0 (10)

Mitigating moisture infiltration is paramount for enhancing
PSCs stability. Within hydrated perovskite crystals, hydrogen
bonding between H,0O and organic cations (e.g., CH;NH;")
progressively weakens the coordination bonds anchoring these
cations to the [Pbl;]*~ octahedra. This bond destabilization accel-
erates deprotonation kinetics of organic moieties while heighten-
ing material susceptibility to external stressors—notably thermal
excitation and electric fields.””! Concurrently, water-mediated
proton transfer to iodide species generates volatile hydroiodic
acid (HI), inducing irreversible mass loss."! Crucially, the dual
mechanisms of lattice softening and acid corrosion necessitate
implementing robust moisture barriers as a fundamental stabi-
lization strategy for operational PSCs.

2.4. Degradation Pathways

As ionic crystals, perovskites face a fundamental stability lim-
itation that device engineering cannot fully resolve, leading to
short operational lifetimes. The central issue is ion migration—
involving halides, organic/metal cations, and additives—which is
triggered by electric fields, light, or heat. This migration causes
ion loss, lattice collapse, and changes in film structure, ultimately
resulting in material decomposition. Key failure mechanisms in-
clude phase segregation, electrode corrosion, interface degrada-
tion, and current-voltage hysteresis, all of which accelerate device
failure.l’#]

Ion migration in metal halide perovskites has been a subject
of investigation for decades. As early as 1983, Mizu et al. first
reported ion migration phenomena in organometal halide per-
ovskites, proposing that ionic conductivity originated from halo-
gen vacancy (Br, I) migration.””] However, their study was con-
ducted at 200 °C, far exceeding typical solar cell operating tem-
peratures. Renewed interest in ion migration emerged in 2014,
McGehee and Snaith team reported hysteresis in perovskite solar
cells with TiO, as electron transport layer (Figure 2d,e), where J—
V curves obtained through repeated measurements failed to over-
lap when voltage scan direction or speed was altered.[”7%7”] They
observed that hysteresis in PSCs correlated with scan direction,
measurement delay time, and pre-measurement light/voltage
bias conditions. Consequently, they suggested that photoinduced
ion migration might significantly contribute to device hystere-
sis. In the same year, Huang et al provided the first conclu-
sive evidence of substantial ion migration in perovskites at
room temperature.’?! Their study discovered fully reversible
photovoltaic effects in ITO/PEDOT:PSS/MAPDI,/Au structures
(Figure 2f,g), characterized by completely inverted photocur-
rent directions. Based on this, they fabricated lateral MAPDI;-
based devices and, through in situ microscopic observation, doc-
umented electric-field-induced alterations in film morphology
and light absorption properties. The films near the anode re-
gion progressively became transparent due to ion migration.
Subsequent Kelvin probe force microscopy (KPFM) measure-
ments confirmed changes in surface potential before and after
ion migration, representing the first experimental verification of
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significant ion migration in perovskites. lon migration typically
coexists with defect formation, while distinct migration patterns
lead to variations in defect types.

Fundamentally, when an ion vacates its lattice site, it generates
a vacancy defect (Figure 2h). For instance, under electric fields
or illumination, migrating halide ions (I”, Br~) create negatively
charged vacancies (V,~). These vacancies act as non-radiative re-
combination centers that reduce carrier lifetimes, while simul-
taneously accumulating charge to form low-energy barriers that
accelerate subsequent ion migration.['®737778] In contrast, metal
cation vacancies (Vy**)—primarily formed by migrating Pb** or
Sn?* ions - predominantly occur at surfaces and grain bound-
aries. These vacancies distort the crystal lattice, create deep-level
traps in p-type regions, and significantly increase non-radiative
recombination losses.[”*8% The formation of interstitial defects
occurs when migrating ions occupy interstitial sites instead of
filling vacancies. Migrating halide ions synergistically combine
with vacancies to create Frenkel defects (I,*), which increase
leakage current and degrade device performance. Concurrently,
halide accumulation at interfaces induces electrode corrosion
(e.g., through Agl formation), elevating contact resistance. 182!
Under proton irradiation or high electric field stress, metal
cations deviate from lattice sites into interstitial positions (I5**).
This lattice displacement causes crystal expansion, initiates mi-
crocrack formation, enhances Auger recombination, and ulti-
mately compromises device luminescence efficiency./!%]

2.5. Self-Healing Strategies

Focusing on enhancing the self-healing capability and long-
term stability of perovskite optoelectronic devices, this research
proceeds from four core strategies: composition engineering,
robust additive functionalization, dynamic self-healing mecha-
nisms, and application expansion. By regulating the composi-
tion of A-site cations, incorporating polymer additives with dy-
namic bonds, and designing reversible interaction networks, ef-
fective recovery of the structure and optoelectronic properties is
achieved, providing crucial technical support for the commercial-
ization of perovskite devices. The following is a summary table of
specific strategies and performances (Table 1):

2.6. Composition Engineering

The structure of perovskites follows the ABX; configuration,
where the A-site cation, as a key component in perovskite solar
cells, exhibits a decomposition mechanism intrinsically linked to
the material’'s inherent instability. Exploring viable methods to
enable self-healing is therefore crucial.

Due to differences between perovskite single crystals and their
surfaces, Cahen et al. evaluated the stability of single crystals and
surfaces of different A-site cation perovskite materials based on
Pb and Br to determine the self-healing capacity of various A-site
cations. Fluorescence recovery after photobleaching (FRAP)
was used to assess the recovery of APbBr, surfaces. Two differ-
ent lasers—1P (single-photon confocal microscopy) and 2P (sub-
bandgap two-photon confocal illumination)—were employed to
simulate the energy released by the sun within seconds, en-
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abling observation of self-healing on the crystal surface and in-
terior, respectively. In Figure 3a and in Table 2, we summarize
all the information on APbBr, perovskites after photo-bleaching,
provided by the current study. Closed circles represent degra-
dation followed by self-healing processes. Red circles describe
Bri-related ones and green circles describe methylamine-related
processes. Thicker lines correspond to faster processes. Arrows
pointing vertically represent material exchange with the environ-
ment. Bulk and surface processes are separated by the dotted
line, showing that self-healing dominates in the bulk and ma-
terial loss dominates at the surface. From the FA perovskite in
the figure (left column of Figure 3a), it can be observed that
the displacement of FA* ions caused by Br;* defects is in an
energy-unfavorable state in the bulk phase. The system will at-
tempt to recover to its defect-free form, triggering a spontaneous
healing mechanism to achieve complete and rapid self-repair.
The surface results show that once damaged, FA becomes more
stable than MA (methylamine), and its decomposition products
are high-boiling aromatic molecules (triazine/triazine), rather
than volatile amine acid pairs. For the bulk phase effects of MA
cations, two opposing transient phenomena are observed: the
photoluminescence (PL) enhancement is attributed to the pas-
sivation effect of methylamine, while the PL quenching arises
from the chemical nature of bromine interstitial defects (Br;*).
Regarding surface processes, methylamine (CH;NH,) generated
from MA perovskite decomposition undergoes recondensation
and eventual re-evaporation. Under non-vacuum conditions, par-
tial re-adsorption of methylamine occurs at the surface, yield-
ing beneficial passivation effects. This mechanism partially ex-
plains the documented device performance enhancement follow-
ing short-term light exposure (light soaking).[>*! The situation
for the CsPbBr; sample is different (right column in Figure 3a).
The formation of Br;~ defects in the bulk requires low energy
input and has little impact on the crystal structure, resulting in
slow bulk self-healing of Cs-based perovskites and a recovery
rate inferior to that of organic analogs containing A cations. At
the surface, CsPbBr, exhibits stronger structural rearrangement
capability, with easier migration of decomposition products (ex-
cluding oxides). Although the initial energy required for surface
decomposition is lower than that of MA, its impact is less sig-
nificant compared to FA and MA. This could be attributed to
the small amount of volatile substances generated and the fact
that most of the material can re-form relatively quickly (due to
the relaxation of steric constraints). A comprehensive analysis of
data from three perovskites reveals that in the mixed A-cation
perovskite MA,FA Cs, . PbBr;, Cs contributes to surface stabi-
lization, methylamine released by MA can repair bulk defects,
and FA ensures long-term stability. It is hypothesized that under
stable illumination conditions, a Cs-enriched surface and an FA-
enriched bulk will form, a model that awaits verification. Each
A-cation exerts distinct influences; when mixed, their synergistic
effects, combined with the configurational entropy increase aris-
ing from the disordered distribution of A-cations, can enhance
the overall stability and performance of the material.

The impact of A-site cation composition on the self-healing
behavior of perovskite nanocrystals has been systematically
elucidated through the work of Kuo et al., who investigated
Cs,FA,PbBr; hybrid perovskite nanocrystals (HPNCs) with
varying Cs*/FA* ratios.””] Their study revealed that precise
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Table 1. Comparative summary table of self-healing strategies for different materials.

Strategy Functional bond Material system Device Area Initial Testing Recovery Efficiency retention
morphology value conditions conditions
Acylhydrazone Acylhydrazone FA996Cs0.04Pbl2 8Brg 12 Flexible ~ 0.04cm? 21.27% 1000 bending Heated to 60 °C  Recovering 95%
bond-containing bond cycles
waterborne polyurethane
(Ab-WPU)!34]
Natural polymerizable small Dynamic Cs.05 (FA9.92MAg 08) 0.95 Flexible ~ 0.04cm? 19.03% 3000 bending Mild heat Recovering 95%
molecule a-lipoic acid disulfide bond Pb(lg.02Brg.08)3 cycles treatment
(LA)[BS]
Crosslinking monomer Dynamic covalent FAg 75 MAg 55 Pbl Flexible ~ 1.004 cm? 21.66% 20000 bending 91% retention
(TA-NI) with dynamic disulfide bond, cycles
covalent disulfide, hydrogen bond 30% relative 939% retention
hydrogen bond, and humidity for
ammonium ionl3¢] 3000 h
Self-welding dynamic Dynamic Cs0.05 MAg 05 FAg o Pbl; Flexible ~ 1.043 cm? 24.85% 15000 bending - 91.8% retention
diselenide (DiSe)!®’] diselenide cycles
bond
Self-healing ion-conductive  lon-conductive FA.83MA 17Pbl; 93Clo 0, Flexible ~ 0.04 cm? 24.84%  Stored in the 92% retention
elastomer (ICE) with elastomer glove box for
imidazolium-based ionic 5000 h
liquid(*] 10 000 bending Th Recovering 91%
cycles
Heat-triggered dynamic Disulfide bond Cs0.05FAg85 MA, 1 Pbl; Rigid 0.078 cm? 26.32% Dark storage at 88.7% retention
self-healing framework 85 °C for
(HDSF)189) 1000 h
160 thermal 92.6% retention
cycles at
80 °C
Vapor-deposited - FAg 76 MAg 54 Pbl; Large-area 785cm?  19.6% 101 light-dark Enhanced daytime ~ 97% retention
multidentate ligand rigid cycles at stability
isolating defect octahedra module 50 °C
on perovskite surfacel*
2-(1-cyclohexenyl) - FAg.7sMAg 55 Pbls Large-area 715.1cm? 22.49%; Aged at 65 °C - 90% retention
ethylammonium rigid for 500 h;
functional cationl®'] module ambient
humidity,
22.61% 65 °C, encap- 94% retention
sulated
device aged
for 528 h
Methylene diphenyl - CsPbBr, sClys/(4-FPEA),PbBr, Flexible 10mm?  13.5% 2000 Cycles of - 87.8% retention
diisocyanate EQE repeated
polyurethane (MDI-PU) bending
polymerl®?] 2000 cycles of 80.7% retention
repeated
twisting
Poly(3,4- - (FA¢sMA,,)Pbl, ¢Brq ; Flexible ~ 1.01cm? 19.87% 7000 Narrow - 85% retention
ethylenedioxythiophene): bending
ethylene-vinyl acetate cycles

copolymer!®3

modulation of the Cs/FA molar ratio (i.e., x-value) significantly
optimizes crystal structural stability, ion migration kinetics,
and defect state density in nanocrystals. Figure 3b-d presents
2D contour plots of time-resolved photoluminescence (TRPL)
for Cs,,FA,;PbBr;, Csy,sFA)PbBr;, and Cs,;FA,,PbBr; hy-
brid perovskite nanocrystals (HPNCs), revealing that HPNC
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films with higher FA* content (x > 0.5) exhibit significantly
longer carrier lifetimes than those with lower FA* concentrations
(x < 0.3). Crucially, specific Cs/FA ratios (e.g., x & 0.5) gener-
ate pronounced synergistic effects: Cs* enhances lattice rigidity
and suppresses phase segregation, while the larger size and dy-
namic nature of FA™ facilitate reversible lattice relaxation. The
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Figure 3. a) Scheme of the chemical processes involved the degradation and healing of APbBr; perovskites on the surface and in the bulk. The sym-
bols indicate observables, analyzed in the main text, and consistent with the indicated processes: § DFT; # 2P PL Lifetime and intensity; 1P PL Inten-
sity and AFM; * InLens SEM, EDS, and work function increase; X TGA-MS.I%4l Copyright 2021, Ceratti et al. b) Csy ;FAq3PbBr;, ) CsosFAgsPbBr;,
d) Csq;3FA;PbBr;. Temperature-dependent PL spectra of ST-2-based Cs;,FAPbBr; HPNCs: e) Csqy;FAy3PbBry, f) CsysFAgsPbBr;, g)

Csg3FAq 7PbBr;.°7] Copyright 2023, Wiley-VCH GmbH.

corresponding Cs, sFA ;PbBr; HPNCs exhibits a high Eb value
0f 123 meV, and larger than other compositions of Cs,; ,FA PbBr,
HPNCs films (x = 0, 0.3, and 0.7, Figure 3e-g) and previ-
ously reported CsPbBr; (40 meV).®%! This confirms that FA*
doping in CsPbBr; contributes to an increase in the strength
of electron-hole interaction, and improves the carrier trans-
port, resulting in high long-term stability compared with the
previous short-living component of CsPbBr; NCs (~1 ns) or

FA,,Cs,PbBr, systems (~4.3 ns).°®100101 The doping of FA*
cations and well-surface capping are therefore indispensable
components, and represent tremendous advances in increasing
the stability of the PeNCs tolerance factor and tuning the exciton
recombination kinetics, offering potential merits for application
in PeLEDs. This interplay endows the material with exceptional
self-healing capabilities-after external stress-induced damage
(e.g., electric fields, illumination, or mechanical strain), efficient

Table 2. Summary of the damage and self-healing, and additional phenomena reported in this work for the APbBr; perovskites.[?lCopyright 2021, Ceratti

etal.

Cation Location Damage Healing Phenomenon Supported by

MA Surface Threshold Minimal Halo-MA condensation,Pb/Br increase AFM-SEM,

EDS

Bulk Progressive Fast Increase/decrease in PL DFT

FA Surface Threshold Partial Pb/Br increase EDS
Bulk Progressive Very fast Decrease in PL DFT

Cs Surface Threshold Semi- O-containing product(s),Cs/Pb EDS, XPS

complete increase

Bulk Progressive Slow Decrease in PL DFT
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Figure 4. a) Bending resistance test of flexible perovskite solar cell devices treated with AB-WPU and efficiency test of device self-healing by heating
at 1000 and 2000 bending cycles, respectively.[#*] b) mechanism of Ab-WPU @ perovskite membrane self-healing.[84] Copyright 2023, Royal Society of
Chemistry. Schematic diagram of c) the formation of the grain-boundary “ligaments,” and d) the self-healing process of Pero-1.14¢] e) large-area (1.004

m?) flexible Pero-SCs based on Pero-C, Pero-N, and Pero-l under AM 1.5G, 100 mW cm~2 illumination. Inset: image of the devices.[*®] f) Stability test
of the unencapsulated flexible pero-SCs based on Pero-C, Pero-N, and Pero-I versus bending cycles at a radius of 5 mm.[4¢] Copyright 2023, Wiley-VCH

GmbH.

recovery of optoelectronic properties (including carrier mo-
bility and luminescence efficiency) occurs through dynamic
ionic/vacancy migration and autonomous defect passivation.
These findings underscore the critical importance of compo-
sitional engineering in enabling intrinsic self-repair in mixed-
cation perovskite systems.

2.7. Robust Additive Functionalization

Benefiting from the intrinsic versatility of polymers, rational
molecular design has enabled the integration of diverse addi-
tive strategies into self-healing perovskite solar cells (PSCs).
These strategies aim to confine ion migration, prevent moisture
ingress, alleviate mechanical stress, and enhance charge carrier
transport.[1%2] Moreover, polymer-enabled self-healing primarily
relies on dynamic chemical bonds such as isocyanate, disulfide,
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and carboxyl groups, which ensure device stability against both
environmental factors and mechanical stresses through their re-
versible interactions.

A representative example involves the use of acylhydrazone-
bonded waterborne polyurethane (Ab-WPU) as a dynamic cova-
lent polymeric additive.®* Owing to its relatively large molec-
ular size, Ab-WPU does not infiltrate the perovskite lattice but
selectively accumulates at grain boundaries, where it regulates
crystallization and passivates charge-trapping defects. To vali-
date Ab-WPU’s self-healing function, flexible devices were sub-
jected to bending cycles ranging from 100 to 2000 times. As il-
lustrated in Figure 4a, while no efficiency loss occurred initially,
increased bending induced more crack defects and progressive
efficiency decline. After 1000 and 2000 bending cycles, heating
at 60 °C for 30 min restored efficiency from 83% to 96% and
from 73% to 80%, respectively. The underlying healing mecha-
nism is illustrated in Figure 4b.2*] When exposed to sunlight,
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Figure 5. a) The thermal-initiated ring-opening polymerization of LA, and the schematic illustration of interface optimization and defect passivation
mechanism via constructing an interpenetrating multifunctional cross-linked Poly(LA) network in PVSCs.[**] b) Atomic force microscopy (AFM) and
c) SEM images of Poly(LA)/PVK-Poly(LA) film before and after the thermo-inducible self-healing.[**] d) The normalized PCE of flexible devices after
different bending cycles at a curvature radius of 5 mm, subsequently self-healing at 65 °C for 6 h, and storing in N, at 25 °C for 25 h.[*’] Copyright
2023, Wiley-VCH GmbH. e) Synthesis of DiSe.['% f) Proposed visible-light-triggered self-welding mechanism involving dynamic diselenide bonds.

Microstructure of perovskite films with micro-cracks.['94] Copyright 2024, Wiley-VCH GmbH.

Ab-WPU softens due to its viscoelastic properties, exhibiting
greater stress absorption capacity than crystalline structures. This
enhanced molecular mobility enables deformation and fractured
resistance. Upon absorbing sufficient solar thermal energy, frac-
ture surfaces dissociate into free aldehyde and hydrazine acyl-
hydrazone groups. Concurrently, light exposure generates abun-
dant free Pb?* and I~ ions within the perovskite film. Stimulated
by these ions, the acylhydrazone groups undergo reversible dy-
namic covalent bonding, enabling crack surface restoration.
Additionally, a crosslinkable monomer TA-NI, incorporating
dynamic covalent disulfide bonds, hydrogen bonds, and am-
monium groups, could function like reinforcing ligaments an-
chored at perovskite grain boundaries to crosslink the crystal
structure.[*®! As shown in Figure 4c,d, TA-NI initially coordinates
with PbI, to form 1D TAPbI,; during 50 °C annealing; subse-
quently, at 150 °C, TA-NI monomers simultaneously undergo
crosslinking with elastic polymers while 3D perovskite crystals
grow. This process yields a 1D/3D hybrid film where 1D TAPDI,
adheres along 3D perovskite grain boundaries while TA-NI elas-
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tomers fill intergranular gaps. The elastomer’s Lewis-basic sulfur
atoms coordinate with uncoordinated Pb?* ions, effectively dis-
sipating mechanical stress within the perovskite film while en-
abling autonomous healing of bending-induced cracks in films
at ambient temperature through its superior tensile properties.
Hence, a high efficiency of 20.87%, with V,_ of 1.14 V, and FF
of 0.74 was achieved for the 1.004 cm? Pero-1 device (Figure 4e).
Moreover, the device retains 93% of its initial PCE after 3000 h in
a 30% relative humidity environment (Figure 4f), attributable to
the dual-protection mechanism formed by the polymer and 1D
structures that effectively block moisture penetration.

To enhance efficiency and mechanical robustness, a dual
dynamic crosslinking network could be further engineered
by incorporating naturally polymerizable a-lipoic acid (LA)
molecules.**] The schematic diagram of constructing a poly(LA)
network for optimization and defect passivation is shown in
Figure 5a. Upon mild thermal treatment, LA monomers undergo
sequential crosslinking to form polymeric LA (denoted Poly(LA)).
Poly(LA) primarily functions at grain boundaries and interfaces
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between NiO, and perovskite layers through its two key func-
tional groups: disulfide (—S—S—) and carboxylic acid (—COOH).
The carboxylic acid groups anchor onto NiO, surfaces, passivat-
ing defects while preserving structurally beneficial Ni** species
and reducing Ni** content, thereby improving electrical con-
ductivity. Meanwhile, the oriented disulfide groups regulate per-
ovskite crystal growth, yielding larger and more uniform grains
that boost device PCE. Poly(LA)’s self-healing mechanism ex-
ploits its low melting transition (T,,),'®] which enables vigor-
ous molecular motion to reconfigure broken hydrogen bonds and
disulfide linkages under mechanical stress. After 3000 bending
cycles at 5 mm radius, flexible devices retained 80% initial PCE.
Subsequent mild thermal treatment at 65 °C effectively repaired
cracks, with in situ AFM/SEM characterization (Figure 5b,c) re-
vealing that healed films exhibited virtually indistinguishable per-
ovskite grain compactness from pristine samples. Devices main-
tained 95% initial efficiency after 6 h at 65 °C (Figure 5d), demon-
strating the defining impact of these dynamic bonds on flexible
perovskite device bendability and recyclability.

A representative light-triggered self-healing strategy involves
the use of a diselenide-based polymer (DiSe), synthesized from
isophorone diisocyanate (IPDI), di-(1-hydroxyundecyl) diselenide
(HOC11Se),, and polytetramethylene ether glycol (PTMEG).[1%4]
This functional material preferentially localizes at perovskite film
surfaces and grain boundaries, where it regulates crystal growth
and effectively passivates defects (Figure 5e,f). Notably, the dis-
elenide network enables crack repair through mild visible-light
exposure, where mechanical stress-induced microcracks, caused
by broken intramolecular interactions and diselenide bonds, are
healed via dynamic bond rearrangement that crosslinks adjacent
chains under illumination. SEM confirms effective crack bridg-
ing after 40 min light treatment. In situ PL characterization re-
veals a distinct redshift after 5000 bending cycles due to fractured
coordinatively unsaturated sites, while progressive peak shifts to-
ward shorter wavelengths during healing demonstrate Se atoms
(generated from diselenide cleavage) compensating electron im-
balance through high electron affinity. Concurrent diselenide
bond exchange and rearrangement at fracture sites drive local-
ized structural reconstruction around defects, ultimately restor-
ing 92% initial PL intensity within 80 min under ambient condi-
tions through this self-healing mechanism.

2.8. Dynamic Self-Healing Mechanisms

The dynamic self-healing exhibited by perovskite devices refers
to their ability to spontaneously or partially/fully restore original
structural and optoelectronic properties under mild conditions
after defect formation (e.g., ionic vacancies, interstitial ions, grain
boundary fractures) caused by external stimuli such as light, elec-
tric fields, humidity, and mechanical stress.['% This capability is
crucial for enhancing long-term stability in perovskite optoelec-
tronic devices, including solar cells and LEDs.

A significant development in the field involves the design of
ion-conductive elastomers (ICEs) featuring imidazolium-based
ionic liquids. Leveraging the ionic liquid’s high conductivity
and the elastomer’s dynamic covalent disulfide bonds, hydro-
gen bonds, and metal-coordination bonds, ICE demonstrates
exceptional elasticity and electrical conductivity.!® During self-
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healing, hydrogen bonds and coordination bonds first reform
through non-covalent interactions to establish weak interfacial
connections, followed by dynamic disulfide bond exchange along
polymer chains that creates robust covalent interfaces to recon-
struct the polymer network. As illustrated in Figure 6a, ICE
exhibits remarkable stretchability with severed sections recon-
necting within 3 min at room temperature. Electrical conduc-
tivity measurements (Figure 6b) confirm that ICE’s conductiv-
ity across cut interfaces recovers within 1 s, demonstrating rapid
self-healing. After 5000 bending cycles (3 mm radius), control
films developed pronounced channel cracks and interfacial de-
lamination, while ICE-incorporated films maintained structural
integrity (Figure 6c¢). ICE devices retained >93% initial PCE af-
ter 10 000 bends (3 mm radius), and 80.3% after 10 000 bends
(10 mm radius). Remarkably, after resting at 25 °C for 1 h, the
latter recovered to 95% initial efficiency, whereas control devices
suffered near-complete PCE degradation after 8000 bending cy-
cles. These results unequivocally validate ICE’s effectiveness in
enabling dynamic self-healing for perovskite devices.

Additionally, one notable approach introduced 2-(1H-pyrazol-
1-yl) pyridine (PZPY) into perovskite precursors to form 1D/3D
hybrid structures.**] HRTEM analysis revealed distinct crys-
tallographic features (Figure 6d): the (200) planes of 3D per-
ovskite exhibited an interplanar spacing (d-spacing) of 3.17 A,
while the (002) planes in 1D halide perovskite showed a d-
spacing of 4.87 A. In the 1D configuration, cations sponta-
neously self-assemble into optimally positioned linear octahe-
dral arrangements. Conventional 3D perovskites feature corner-
sharing [PbX,]*~ octahedra with A-site cations occupying intersti-
tial cavities to form densely packed frameworks. PZPY molecules
flanking the 3D perovskite reduce packing density, enhancing
structural flexibility for self-healing. Crucially, [PbI¢]*~ octahe-
dra in 3D perovskites readily fragment into 2D layered/1D lin-
ear/0D quantum-confined configurations through metal-halide
bond cleavage and structural reorganization. Device-generated
heat accelerates A* cation vibrations within the octahedral frame-
work, potentially ejecting A* groups from the lattice. This irre-
versible decomposition creates vacancy-related defects that de-
grade film stability. Accelerated testing under 55% RH with ther-
mal cycling (25-85 °C) demonstrated stark contrasts (Figure Ge):
unencapsulated control devices failed completely after 5 cycles,
whereas 1D-3D devices maintained >90% initial efficiency de-
spite varied thermal exposure durations (3-15 h at 85 °C), val-
idating the dimensional hybridization strategy for operational
stability.

A thermally responsive self-healing strategy was developed
by Tang et al. through the synthesis of a hybrid disulfide
framework (HDSF), obtained via dehydration—condensation of
4-aminophenyl disulfide (APD) and tris(4-formylphenyl)amine
(TPA).1%1" Ag illustrated in Figure 6f,g, the electron-donating
atoms within HDSF’s conjugated framework passivate under-
coordinated Pb?* sites on perovskite surfaces through coordina-
tion bonds, effectively suppressing undesirable secondary-phase
Pbl, formation. Primarily localized at perovskite surfaces and
grain boundaries, HDSF stabilizes the crystal lattice against ther-
mally induced distortion. At elevated temperatures (60-80 °C),
dynamic disulfide exchange reactions within HDSF modulate
thermal stress in perovskite crystals. This thermally triggered
bond rupture/reorganization process enables self-healing by
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Figure 6. a) The cut ICE samples self-healed in 3 min at room temperature (25 °C). The red sample is the addition of FeCly to ICE.[38] b) Resistance-time
relationship before and after ICE cutting and its fast self-healing process.[%8] c) Cross-sectional SEM images of the flexible PSCs tested for 5000 cycles
(scale bar: 500 nm).[8] Copyright 2024, Royal Society of Chemistry. d) HRTEM image of 1D-3D heterostructure perovskite.l*4] ) Long-term stability of
the unencapsulated control and 1D-3D hybrid perovskite solar cells during temperature cycling (25-85 °C) at 55% RH.[“4] Copyright 2018, Wiley-VCH
Verlag GmbH & Co KGaA, Weinheim. f) Schematic illustration of the interaction mechanism between HDSF and perovskite crystals, including the heat-
triggered dynamic exchange process of the disulfide bond.['%] g) Schematic illustration of heat-triggered self-healing properties via dynamic exchange
of disulfide bonds in HDSF.['%] The XRD evolution of h) HDSF-treated perovskite films during thermal cycle tests.l'%1 i) Cycling stability recorded at
80 °C of control and HDSF-treated devices against thermal cycles between —40 and +80 °C.['%] Copyright 2025, Wiley-VCH GmbH.
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dynamically regulating thermomechanical stress across varying
temperatures. During thermal cycling (20 °C min~' ramp rate:
RT—80 °C——40 °C—RT), XRD analysis (Figure 6h) revealed ex-
cessive Pbl, formation in control samples after 160 cycles, ac-
celerating perovskite decomposition under photo-thermal stress.
In contrast, HDSF-treated films maintained significantly lower
Pbl, content. Device stability testing (Figure 6i) demonstrated
severe degradation in control, retaining merely 72.3% of its ini-
tial PCE at 80 °C after 160 cycles. Remarkably, HDSF-modified
devices preserved 92.6% initial efficiency, confirming enhanced
structural integrity through dynamic disulfide reorganization.
These representative studies collectively underscore the ver-
satility and efficacy of dynamic self-healing strategies in per-
ovskite optoelectronic devices. By harnessing reversible interac-
tions, including hydrogen bonding, metal coordination, and dy-
namic covalent exchange (e.g., disulfide and diselenide bonds),
researchers have engineered functional materials that can with-
stand mechanical deformation, thermal cycling, and prolonged
operational stress. These dynamic networks not only suppress
the accumulation of defects and alleviate structural fatigue but
also actively enable the restoration of optoelectronic properties
under ambient or mildly elevated temperatures. Notably, the in-
tegration of self-healing functionalities has been shown to pre-
serve, and in many cases enhance, long-term device performance
without compromising initial efficiency. As research advances,
integrating dynamic healing frameworks with scalable fabrica-
tion techniques and encapsulation strategies will be critical to re-
alizing commercially viable, resilient perovskite optoelectronics.

2.9. Operando/Multimodal Evidence

To quantitatively assess the self-healing capabilities of perovskite
materials, researchers employ a suite of characterization tech-
niques. These methods are crucial for monitoring the degrada-
tion and subsequent recovery of key properties.

In the study of self-healing strategies, understanding the di-
verse crosslinking mechanisms often requires tracking elemen-
tal migration, making ToF-SIMS a vital technique for visualiz-
ing chemical composition and elemental distribution. To exam-
ine whether crosslinking mechanisms observed in bulk solutions
can be replicated in solid thin films, Li et al. employed ToF-
SIMS and observed a gradient distribution of S atoms from TA-
NI throughout the 3D perovskite film (Figure 7a), indicating suc-
cessful diffusion of TA-NT across the entire layer.[**] Complemen-
tary GIWAXS (Figure 7b,c) analysis further revealed the forma-
tion of a 1D TAPbI, perovskite phase in the Pero-I sample, in ad-
dition to the characteristic 3D perovskite diffraction peaks from
(110), (012), and (220) planes, confirming the effective function-
ing of the crosslinking agent within the film.

Beyond elemental and crystallographic changes, 2D XRD has
demonstrated the enhancement of film stability through self-
healing strategies. Chen et al. used 2D XRD (Figure 7d,e) to show
that under repeated bending at a 5 mm radius, the reference per-
ovskite film suffered from grain detachment, leading to signifi-
cantly weakened diffraction intensity and the emergence of sub-
strate signals near 26°.[*] In contrast, the self-healing poly(LA)
network maintained nearly unchanged diffraction peak intensity
after bending.

Adv. Funct. Mater. 2026, 36, €23417

€23417 (13 of 23)

www.afm-journal.de

PLimaging offers intuitive insights into how defects and phase
segregation impact device performance, enabling better evalu-
ation of self-healing approaches. Wang et al. performed 2D PL
mapping (Figure 7g,h) and found that after 8 h of irradiation, the
control film exhibited a substantial drop in PL intensity due to
accumulated light-induced defects, accompanied by a redshift of
the emission peak from 800.8 nm to 806.7 nm, along with gradual
formation of §-phase domains.'*! In contrast, the DiSe-based
self-healing device showed only a minor PL peak shift from 800.2
to 801.4 nm. ToF-SIMS further confirmed severe A-site cation mi-
gration and inhomogeneous distribution in the control film after
light exposure (Figure 7f), collectively underscoring the efficacy
of the self-healing strategy.

By integrating multiple characterization techniques, multi-
modal analysis provides a comprehensive picture of the dynamic
interrelationships among elemental migration, structural reor-
ganization, and functional recovery during the self-healing pro-
cess in perovskites. This approach moves beyond the limitations
of single-technique studies, elevating phenomenological obser-
vations to mechanistic understanding and offering an essential
holistic perspective and quantitative foundation for the precise
design and optimization of new-generation perovskite materials
with robust self-healing capabilities.

2.10. Scalable Applications

The scalable application of self-healing perovskite technology is
accelerating its transition from fundamental research to indus-
trial implementation. Its core value lies in addressing the degra-
dation of perovskite materials under mechanical stress, environ-
mental erosion, and thermal cycling through dynamic bond re-
organization, bio-inspired structural design, and intelligent ma-
terial integration-thereby significantly extending device lifespan
while reducing maintenance costs.

Under natural light conditions, light-dark cycles can cause ir-
reversible ion migration in perovskite solar cells, which poses a
significant challenge to the long-term outdoor operational stabil-
ity of the cells. The daytime stability of perovskite solar mod-
ules could be enhanced by isolating the defective octahedrons
on the perovskite surface using vapor-deposited multidentate
ligands.[*] Even after 101 light—dark cycles at 50 °C, the mod-
ules retained over 97% of their initial efficiencies. The con-
cept of perovskite surface octahedron isolation is illustrated in
Figure 8a. Pre-formed FAPDI, perovskite films were treated with
vapor-deposited 2,2":6',2"-terpyridine (Ipy), a multidentate lig-
and that forms a 0D framework (Ipy),Pbl, when mixed with
Pbl,. Density functional theory (DFT) calculations revealed that
after surface octahedron isolation treatment, the formation en-
ergy of most typical defects near the perovskite surface increased
(Figure 8b). The activation energy for ion migration (Figure 8c) in
the isolated samples (0.68 eV) was significantly higher than that
in the pristine samples (0.43 eV), indicating that ion migration
was effectively suppressed in the perovskite films subjected to
surface octahedron isolation treatment. A large-area module with
an aperture area of 785 cm? was fabricated as a representative de-
vice (Figure 8d) to evaluate its photovoltaic properties, and day—
night cycle aging tests were conducted as shown in Figure 8e.
The pristine module retained only ~55% of its initial PCE after 20
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Figure 7. a) ToF-SIMS depth profiles of Pb* and S- sputtering from top to bottom for the Pero-I film.[“6] b) 2D GIWAXS patterns of Pero-l and c) 1D
TAPbI,.[46] Copyright 2023, Wiley-VCH GmbH. d,e) 2D XRD patterns of PVK and Poly(LA)/PVK-Poly(LA) films measured with continuous bending from
0 to 1000 cycles.[*3] Copyright 2023, Wiley-VCH GmbH. f) ToF-SIMS depth profiles of the FA* and MA* cation distribution in the control and target
F-PSCs under continuous light illumination at 50 °C over 8 h.['% |n situ 2D PL mapping spectra of g) peak intensity; h) peak position, evolution of the
perovskite films under light illumination over 8 h in the air a with a relative humidity of 40%. Scale bar = 1 um.[1%4] Copyright 2024, Wiley-VCH GmbH.

light-dark cycles, while the isolated module exhibited reversible
PCE loss and even retained over 97% of its initial PCE after 101
light-dark cycles at 50 °C, suggesting that the surface octahedron
isolation strategy inhibited irreversible degradation during light—
dark cycles. Subsequently, the reliability of the solar modules was
evaluated under real outdoor conditions using a multilayer en-
capsulation technique. As shown in Figure 8f, the performance
decreased from morning to noon and then slightly recovered
from noon to evening, demonstrating reversible performance re-
covery overnight and outdoor stability comparable to that of com-
mercial Si solar cells. This not only improves the mechanistic un-
derstanding of mobile ionic defects that cause irreversible device
degradation but also promotes the advancement of perovskite de-
vices capable of meeting the demands of real-world applications.

To address challenges in both small-area solar cells and large
submodules, Zhao et al. developed an impurity-healing inter-
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face engineering strategy.’!! By introducing functional cations
(2-(1-cyclohexenyl)ethylammonium iodide, CHEAI) on FAPDI;,
they constructed a high-mobility 2D perovskite layer that effec-
tively converts excess Pbl, and residual yellow-phase 5-FAPbI,
impurities into low-dimensional perovskite phases at 3D per-
ovskite surfaces and grain boundaries. GIWAXS measurements
(Figure 8gh) revealed the disappearance of impurity signals
in CHEAI-treated samples, with new signals emerging at q
~3.7 nm™! indicating transformation of impurities into low-
dimensional perovskite. The CHEAI treatment simultaneously
heals grain boundaries and pin holes while penetrating crystal
interfaces for comprehensive defect healing (Figure 8i,j). After
CHEAI treatment, the devices achieved a high PCE of 25.86%
while maintaining 92% of their initial efficiency after 1500 h of
maximum power point tracking (MPPT). Scaling device area ex-
acerbates perovskite film inhomogeneity issues, but PL intensity

© 2025 Wiley-VCH GmbH

85UB01] SUOLLWIOD BAIIER1D 3|ed!(dde 8Ly Aq pauenob a1e 3ol O ‘SN JO SanI 104 Aiq 1 8UIIUO AB]IA UO (SUORIPUOD-PUE-SWBIALIOD" A3 | IM ARe1q 1 jBu UO//SUNU) SUORIPUOD PUe SW L 8L3 885 *[9202/20/.0] U0 Arigiauliuo AB|IM In4 ulleg wniuez-z)ouwRH Aq LTrEZS202 WPe/z00T 0T/10p/W00" Ao |1m A eiqjeu|uo"peoueApe//Sdiy Woi) papeojumoq ‘0Z ‘9202 ‘820E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED ANSER
SCIENCE NEWS W%‘z?ﬂ@

www.advancedsciencenews.com www.afm-journal.de

a C
Isolated octahedra {;?sm:iﬂm < Pristine 0.65 ¢
b v ——Isolated Doy
W | # | W"
1 H ; ‘\ A ﬁ
/ { ! i < 04| @ —
& 0420V \\
o
w
02} // N )
A PE PB V. FA LV el 00 /
A Pb Pb V FA I, V, FA, | Steps
€ f
1SOS-LC-1 20.0
1.0 [MPPT under 12/12 he ightdark cycing at 50 °C
(1] I Y ~ 195}
w 0.9 g
4 i
o 08t § 19.0
€ ol | "
[} P a
< 06 \ Pristine 18.5¢
ATITITIRNTIIVIT, ’ Isolated | | | | | | ] |
0 - v - . 05 . R R R
0 10 20 30 40 50 0 20 40 60 80 100 Ry Dxy2  Day1e Dayr  Daysd

Voltage (V) 1
x10°

8
IG
a 2
(] (&)
2
0

W

400 +
30 cm x 30 cm submodule
'g o 300 4
é 0.6 <
3 E 200
N 044 10 cm x 10cm §
g Aperture area: 715.1 cm?,
E 100 4
2 029 Control
— ontro PCE (%) FF (%) Isc(mA) Voc V)
5 — —a— Target 2280 8268  398.24 49.51
D u-FAPbI 04— v T T T v T T = 0 - - . r v
1 2 3 4 5 6 7 8 9 0 10 20 30 40 50
Location number Voltage (V)

Figure 8. a) Schematic illustration of perovskite surface octahedra isolation.[?°] b) Formation energies of nine neutral point defects in perovskite surfaces,
including two vacancies (Vpp, V}), three interstitials (Pb;, I;, and FA;), and four antisites (Pby, Ipp, Iga, and Pbga).[?%1 ¢) Calculated minimum energy
pathways for iodide ion migration in pristine and isolated FAPbl;. The inset shows the migration pathway.!??l d) 1=V characteristics of the champion
solar modules with an aperture area of 785 cm?, whereas the active area (electrically functional portion) measures 730 cm?.[%] e) Normalized PCE.[*]
f) Diurnal variation of PCE outdoor for perovskite modules over 5 days, recorded from 7 a.m. to 7 p.m.[*®l Copyright 2025, The American Association for
the Advancement of Science. GIWAXS patterns of g) control and h) target films.[° i) Cross-sectional HR-STEM images of a target PSC sample. Scale
bars, 500 nm (above); 100 nm (below).[°!] j) Schematic of the CHEAI-induced impurity-healing process. [®71 k) Normalized PL intensity of 10 x 10 cm?
perovskite films when measured at different positions.l?'l 1) J-V curve of the champion 30 x 30 cm? target PSM and photograph (inset) of a 30 X 30
cm? PSM.I®TI Copyright 2024, Haifei Wang et al, under exclusive licence to Springer Nature Limited.

mapping on 10 X 10 cm? devices (Figure 8k) demonstrates that
CHEALI treatment effectively compensates for non-uniformity in
large-area films, exhibiting significantly reduced PL variation.
Ultimately, CHEAI-treated 30 x 30 cm? large-area modules (ac-
tive area 715.1 cm?) (Figure 81) reached 22.80% PCE (certified
22.46%) and retained 94% initial efficiency after 528 h thermal
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aging at 65 °C, demonstrating substantial stability enhancement
through impurity-healing engineering.

Inspired by the integration of pangolin’s rigid scales and
soft body tissue, Lee et al. developed a bio-inspired struc-
tural design for self-healing flexible PeLEDs.['%] This approach
employs a polymer-assisted crystallization modulation strategy
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Figure 9. a) Schematic illustration and the SEM image of PI/AgNW substrate.l'%] b) Photographs of flexible devices.l'%! c) EQE as a function of current
density.l1%] d) SEM images of mechanical cracks in perovskite films without and with MDI-PU before and after annealing treatment, respectively.[16]
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experiment.['%7] h) SEM images for the perovskite films before and after bending.['7] i) Normalized averaged PCE value for the flexible PSCs as a function
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using diphenylmethane diisocyanate polyurethane (MDI-PU)  trode. Notably, both electrical resistance and transmittance re-

soft elastomers. To fully realize the potential of flexible PeLEDs,
silver nanowires (AgNWs) were adopted to replace brittle ITO
electrodes. As illustrated in Figure 9a,b, the schematic of the
PI/AgNW electrode and SEM images of AgNWs embedded in
PI substrate after detachment from glass confirm the exceptional
mechanical flexibility of the ultrathin PI/AgNW composite elec-
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mained virtually unchanged after 50 000 cycles of high-intensity
stress tests involving bending and twisting. The resulting sky-
blue flexible PeLEDs fabricated on ultrathin (20 pm) PI/AgNW
electrodes with MDI-PU assistance achieved a peak external
quantum efficiency (EQE) of 13.5% (Figure 9c), among the high-
est reported values for sky-blue flexible PeLEDs. Comparative
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SEM (Figure 9d) images demonstrate the self-healing process
of perovskite films with /without MDI-PU: MDI-PU-incorporated
films exhibited significant crack repair under thermal treatment.
After 2000 bending—twisting cycles (Figure 9e,f), the flexible
PeLEDs retained 87.8% and 80.7% of their initial EQE values.
This AgNW-based flexible transparent electrode substantially en-
hanced both the crystallinity of perovskite films on plastic sub-
strates and resistance to bending strain.

Considering the robust crystalline structure and flexible con-
nections of vertebrae, a conductive adhesive polymer, such as PE-
DOT:EVA, between the ITO and perovskite layers, could act as
cartilage between vertebral bodies.l'”’”] Due to its elasticity and
adhesion, this layer uniformly distributes force and expands the
support area, simultaneously promoting directional crystalliza-
tion of perovskite and enhancing device adhesion. As shown in
adhesion tests of PEDOT:EVA (Figure 9g), this layer precisely
controls nucleation sites and crystal orientation growth in high-
quality flexible perovskite films. It promotes film crystallization,
significantly increases overall grain size, and reduces surface
roughness. The PEDOT:EVA layer effectively lowers carrier de-
fect concentrations on both top and bottom surfaces, substan-
tially optimizing the pairing between surface and bulk defects
caused by thermodynamic instability during annealing and re-
ducing non-radiative recombination losses. To demonstrate PE-
DOT:EVA’s adhesion, SEM images (Figure 9h,i) of perovskite
films after 7000 bending cycles (3 mm radius) show no visible
cracks on PEDOT:EVA-based films, maintaining 85% of initial
efficiency. Additionally, high-quality large-area perovskite films
were prepared via meniscus coating technology, with a module
comprising four sub-cells (36 cm?) shown in Figure 9j,k. This es-
tablishes the feasibility of low-power devices.

Tandem architectures, which combine wide-bandgap (WBG)
and narrow-bandgap (NBG) sub-cells, are designed to surpass
the efficiency limit of single-junction solar cells. However, their
complex structure introduces unique stability challenges, placing
greater demands on self-healing technologies.

In two-terminal (2-T) tandems, the two subcells are connected
via a recombination layer or tunnel junction. The performance
and durability of this interlayer represent a core challenge for
self-healing design. Drawing inspiration from strategies used in
other self-healing systems, one can consider incorporating dy-
namic chemical bonds, such as dynamic covalent bonds (e.g.,
disulfide bonds, boronic ester bonds) or strong reversible non-
covalent interactions (e.g., ionic coordination bonds, hydrogen-
bonding networks), at this interface. These bonds can repair dam-
age when the device is subjected to heat or minor strain, prevent-
ing interfacial delamination and maintaining low recombination
resistance. Furthermore, the current in a 2-T tandem is limited
by the less efficient sub-cell. This requires highly synchronized
degradation rates and post-repair performance recovery between
the two sub-cells.1%1%] If one sub-cell is fully restored while the
other degrades significantly, the overall efficiency will not im-
prove. This necessitates a holistic, system-level approach to self-
healing design.

In three-terminal (3-T) tandem structures, the two sub-cells are
connected optically and electrically in parallel through a shared
middle electrode. This electrode must exhibit high transparency
and excellent conductivity, and both the electrode itself and its
interfaces with adjacent functional layers should possess self-
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healing capability. For instance, when conductive pathways break
due to repeated bending, a self-healing polymer matrix could
enable reconnection and restore conductivity.!’] A key advan-
tage of the 3-T configuration is the ability to manage and repair
the sub-cells relatively independently. The WBG sub-cell, often
containing bromine, is primarily prone to halogen phase seg-
regation. Repair strategies should therefore focus on introduc-
ing additives that anchor halide ions, thereby enhancing lattice
stability.[!'112] In contrast, common NBG cells face the chal-
lenge of Sn?* oxidation to Sn**. Sn** acts not only as a p-type
dopant, increasing device leakage current, but also as a deep-level
defect that induces severe non-radiative recombination.['13114] A
promising self-healing approach involves designing functional
interlayers or additives that establish a dynamic Sn**/Sn?** re-
dox cycle, where a healing agent reversibly reduces Sn** back to
Sn**, enabling real-time defect repair.['1>11¢]

In addition to these targeted strategies, general self-healing
mechanisms remain essential for repairing grain boundaries and
mitigating halide segregation, ensuring the development of mul-
tifunctional and renewable self-healing systems that safeguard
device performance and long-term stability.

After decades of refinement, semiconductor technology has
become capable of withstanding multiple stressors in the space
environment. These include harsh conditions such as ionizing
and non-ionizing radiation, thermal cycling, and vacuum condi-
tions. With the continuous increase in low-Earth orbit satellites,
perovskite, as a new generation of solar cell technology offering
superior cost and weight advantages over traditional spacecraft
solar cells, can play a role in the burgeoning space economy.

Regarding the application of self-healing technologies in scal-
able, high-stress scenarios such as space and High-Altitude Long-
Endurance (HALE) platforms, future research must pivot from
fundamental material discovery toward engineered system-level
solutions. These environments present a confluence of extreme
stressors, intense ultraviolet and particle radiation, drastic ther-
mal cycling (e.g., from —80 to 80 °C), and mechanical stress
from low-quality or degraded encapsulation. To address these,
self-healing strategies must be designed for autonomy and effi-
ciency under low-energy triggers. For instance, the inherent ther-
mal energy from the day-night cycle, rather than being solely a
degradation driver, can be harnessed as a built-in, periodic trigger
for self-repair. This involves developing perovskite compositions
and composite matrices (e.g., with tailored polymers or low-glass-
transition-temperature additives) where thermal fluctuations ac-
tively promote the re-crystallization of damaged grains and the
re-migration of halide ions, effectively “resetting” the device at
each cycle. Additionally, under high-energy radiation, energetic
particles transfer energy to atoms within the perovskite lattice,
leading to the formation of Frenkel pairs and inducing secondary
displacements. The relatively weaker and more ionic character
of bonding at the A-site facilitates the dissociation and subse-
quent recombination of cations under ionization radiation. Ow-
ing to the low migration energy barriers of ionic species in per-
ovskites, radiation-induced defects can be effectively deactivated,
contributing to the material’s inherent radiation tolerance.!!17:118]
However, under sustained or intense radiation flux, excessive
defect generation, such as through proton irradiation, may sur-
pass the intrinsic self-healing capacity of the material, thereby
compromising long-term operational reliability. It is therefore
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essential to establish systematic mechanisms, such as composi-
tional engineering, interface modulation, or the incorporation of
dynamic bond-forming additives, to enhance defect tolerance and
ensure consistent self-recovery under extreme conditions.[119-121]
The key opportunities are profound: achieving unprecedented
durability with thinner, lighter, and more flexible modules, a crit-
ical advantage for reducing launch mass for space missions or
increasing payload for HALE platforms. Furthermore, by miti-
gating the impact of inevitable micro-cracks and pinhole defects
in low-quality encapsulation, self-healing can dramatically lower
the bar for packaging requirements, reducing system cost and
complexity. However, significant limitations must be overcome.
The primary challenge is ensuring that the self-healing mecha-
nism does not compromise the initial peak efficiency and pos-
sesses a sufficient “healing budget,” a finite number of repair cy-
cles before the material is exhausted. The long-term chemical sta-
bility of healing agents (e.g., mobile halide reservoirs or dynamic
bonding molecules) under continuous operation and the poten-
tial for unintended side-reactions at interfaces are critical con-
cerns. Therefore, future research should be guided by a focus on:
i) developing wide-temperature-range, moisture-insensitive heal-
ing chemistries; ii) integrating multi-modal, in situ characteriza-
tion (e.g., with PL, XRD, SIMS) into environmental testing cham-
bers to directly observe repair dynamics under simulated opera-
tional stresses; and iii) establishing accelerated life-testing proto-
cols that specifically account for and quantify the cyclic healing—
degradation—healing lifecycle. The ultimate goal is to transition
self-healing from a fascinating laboratory phenomenon into a re-
liable, predictable, and scalable engineering feature for the harsh-
est operational environments.

3. Conclusion and Outlook

In this review, we summarized key advances in self-healing PSCs.
Initiating degradation mechanisms, we analyzed perovskite
breakdown under environmental stressors (light/moisture/heat)
and intrinsic processes like ion migration and defect formation.
Distinguishing irreversible from reversible degradation path-
ways provides fundamental insights for designing self-healing
PSCs. We then systematically examined three strategic ap-
proaches: composition engineering, robust network incorpora-
tion, and dynamic bonding systems. Each was evaluated through
detailed case studies of their healing mechanisms and impact on
PSC stability, particularly regarding performance retention dur-
ing rigorous flexural endurance testing (5000-10000 bending cy-
cles) and thermal cycling (—40 °C«85 °C).

Self-healing approaches for PSCs have now evolved from niche
research concepts to promising stability-enhancement platforms
with practical relevance. By leveraging reversible chemical bonds,
ionic migration control, and dynamic network architectures, re-
searchers have achieved significant improvements in mechanical
resilience, moisture tolerance, and thermal stability.

However, current research on self-healing perovskites still
faces several limitations. First, many efficient self-healing mech-
anisms rely on the incorporation of long-chain polymers, which
can repair damage through segmental motion. However, most of
these polymers are electrically insulating and may exhibit energy
level misalignment with perovskites. This can create barriers at
grain boundaries, hindering charge carrier extraction and trans-
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port, thereby compromising device efficiency. Future studies
should focus on balancing self-healing capability with optoelec-
tronic performance through strategies such as molecular struc-
ture optimization, spatial distribution control, and trigger con-
dition refinement. Moreover, existing self-healing research pre-
dominantly focuses on short-term performance testing, with lim-
ited exploration of its potential under real-world operating condi-
tions. Several critical questions remain unanswered: whether the
healing efficacy can be maintained optimally as healing agents
are depleted, dynamic bonds fatigue, or byproducts accumulate;
whether the healing mechanism itself can remain stable under
long-term external stimulation; and whether the device’s opto-
electronic performance can be sustained at a high level after nu-
merous healing cycles. These aspects represent key directions for
future in-depth investigation.

Looking forward, we believe the next stage of development will
require:

i. Scalability: integration of healing functionalities into roll-to-
roll, slot-die, or other continuous manufacturing processes
to enable large-area module production.

ii. Multi-trigger responsiveness: designing materials respon-
sive to combinations of light, heat, and electrical bias for
adaptive, on-demand healing under real-world operating
conditions.

iii. System-level integration: embedding self-healing PSCs into
flexible electronics, tandem architectures, and building-
integrated photovoltaic (BIPV) systems to broaden applica-
tion potential.

iv. Predictive design: utilizing computational modeling and ma-
chine learning to forecast degradation-healing cycles and op-
timise healing chemistries for specific deployment environ-
ments.

By aligning fundamental advances with scalable manu-
facturing and system-level integration, defect-healing-enabled
PSCs can transition from laboratory prototypes to robust,
high-efficiency, and commercially viable renewable energy
technologies.
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