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The rapid progress of perovskite solar cells (PSCs) has pushed their efficiency to levels gompetidye Wi
crystalline silicon, bringing commercial deployment within reach. The p-i-n inverted device structure has been pivotal
in achieving record efficiencies in PSCs, both in single-junction and tandem architectures. The unprecedented
achievement of PCE has been largely driven by innovations in charge transport materials (CTMs) and refined
interface engineering. However, a critical stability bottleneck persists at the perovskite/CTM interface. Contacts with
CTMs reshapes the defect landscape of perovskites, and the competition between charge extraction and trap
formation at this interface ultimately dictates the devices longevity. Moreover, the chemically reactive perovskite
surface is vulnerable to any intrinsic instability or degradation of the CTMs themselves, further accelerating
interfacial breakdown. This review examines degradation mechanisms in inverted PSCs from an interfacial
standpoint. It first outlines the intrinsic instabilities of pristine interfacial materials, then discusses interface-induced
degradation in perovskites, including chemically driven degradation, defect and phase impurities, ion
accumulation and migration, and mechanical delamination. Mitigation strategies, such as controllable surface
construction, multi-layer interface, and stable transport layer design are discussed, alongside future research
directions to enable durable inverted PSCs for real-world applications.
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Abstract

The so-called inverted perovskite solar cells (PSCs), with a p-i-n device architecture have recently outperformed
the traditional n-i-p counterparts in terms of record power conversion efficiency (PCE). The design of their interfaces
has emerged as the key driver of PCE improvements. Said this, it has been soon very clear that it was also a critical
point in defying the device stability. This review provides a comprehensive overview of degradation mechanisms
especially related to interface phenomena and with a special focus on the role of defects. Beginning with an analysis of
the intrinsic instability issues of pristine interfacial materials, it will move to the interface-induced instability in
perovskite absorber, including chemically driven degradation, defect and phase impurities, ion accumulation and
migration, and mechanical delamination. Eventually, it is offered an updated review of approaches to mitigate the
instability caused by interfaces limitations, including controllable surface construction, multi-layer interface, and stable
transport layer design. Future research directions are proposed to guide the development of durable inverted PSCs
toward real-world applications.

Keywords: Interface, p-i-n structure, Degradation pathways, Long-term stability, ISOS protocol

Introduction

Metal halide perovskites have emerged as a groundbreaking class of light-absorbing materials for next generation
photovoltaic technologies. These solution-processable materials combine exceptional optoelectronic properties with
widely tunable bandgap, making them uniquely suited for both single-junction and tandem cell configurations. Notably,
recent advances in perovskite solar cells (PSCs) featuring an inverted p-i-n structure have surpassed the performance of
conventional n-i-p predecessor, leading to the realization of the most efficient perovskite-based devices to date.! 2
Current certified PCEs based on p-i-n architecture have achieved remarkable milestones: 27% for inverted single-
junction PSCs, 34.9% for perovskite-silicon tandems, and 31.6% for all-perovskite tandems.> 4

Over the past several years, the unprecedented achievement of PCE has been largely driven by innovations in
charge transport materials (CTM) and refined interface engineering strategies (Figure 1 and Table S1). Also, thanks to
innovations in CTMs and interface engineering, the stability of single-junction and tandem solar cells (TSCs) based on
inverted structure has greatly improved. It is clear that on one side there has been the need of developing ad hoc aging
protocols which were taking into account the nature of such emerging class of semiconductors,®> on the other side, the
refinement of such protocols calls for a clear understanding of the photo-chemical and optoelectronics processing
happening at the material and device level.

Perovskite surfaces are rich in defects, which often serve as initiation sites for instabilities such as halide migration
and photochemical reactions under external stimuli. Consequently, when CTMs form contact with perovskite absorbers,
they alter their defect landscape. Their ability to facilitate charge extraction over defect trapping significantly influences
the overall device stability. Moreover, perovskites are susceptible to chemical invasion, meaning the chemical properties
and potential degradation of CTMs can substantially accelerate perovskite decomposition. These considerations
underscore the critical importance of not only elucidating the intrinsic stability of interfacial materials but also clarifying
their impact on the long-term durability of the perovskite absorber. A comprehensive understanding of the challenges
encountered by interfacial layers across devices with different bandgaps provides a foundation for targeted solutions,
thereby enabling further optimization of device stability.

This review offers an analysis of degradation mechanisms from an interfacial perspective within inverted PSCs. It
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is organized into three sections. The first one examines intrinsic instabilities originating from interfacial materials, as
well as interface-amplified degradation processes in the perovskite absorber. Specifically, it addresses the intrinsic

instability of transport layers under thermal and illumination stress, the nature of the degradation products theygenerate,
. . . DOI: 10.1039/D5EE07642K
and the subsequent impact of these products on the stability of the perovskite absorber. It further discusses how the

interactions between functional groups in interfacial layers and the perovskite absorber modulate defect activity and
stability. In addition, it considers the decomposition products of perovskites and their influence on the stability and
performance of transport layers. The role of energy-level alignment and interface-mediated charge extraction in
determining perovskite stability is analyzed. The second section discusses recent advances in interfacial engineering
strategies designed to enhance the stability of inverted PSCs under ISOS testing protocols, providing an up-to-date
overview of methods to mitigate interface-related degradation. The final section outlines future research directions
toward achieving stable and commercially viable operation of inverted PSCs.
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2025
E Figure 1. Notable efficiency and operational stability progress of inverted single-junction PSCs. Blue labels represent

controllable surface reconstruction.b!! Red labels represent constructing robust multi-layered interface.'?'* Purple labels represent
rational design of self-assembled monolayers (SAMs).!52* Grey labels represent engineering stable electron transport layers
(ETLs).2528

2. Interface Dictated Stability in Inverted PSCs: Advantages and Challenges

2.1 Intrinsic Instability of Charge Transport Layers (CTLs)

The relatively slower advancement of p-i-n perovskite solar cells (PSCs) compared to n-i-p devices has historically
been attributed to the limitations of conventional hole-transporting layers (HTLs), such as NiO, and poly[bis(4-
phenyl)(2,3,6-trimethylphenyl)amine] (PTAA). These materials often exhibit suboptimal electrical properties and poor
energy level alignment with perovskite absorbers. However, the emergence of self-assembled monolayers (SAMs) as
HTLs has reversed this trend. On the other hand, the development of electron extraction layers has been relatively
limited to Cyo and its derivatives, notably [6,6]-Phenyl-C61-butyric acid methyl ester (PCBM), pushing towards the
modification of the perovskite surface itself. In this section, we provide a comprehensive overview of the most
commonly used CTLs and surface modifiers (Figure 2), along with a detailed examination of the challenges related to

their intrinsic material stability.
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Figure 2. Schematic configuration, corresponding materials and energy-level diagram of functional layers.?% 3° Copyright
2022 and 2024, Nature Publishing Group.
2.1.1 Polymer Hole Transport Layers

Conductive polymers, such as poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS), PTAA and
its derivatives, are widely used HTLs in inverted PSCs owing to their compatibility with low-temperature solution
processing and their tunable electrical properties through molecular design.’!
(1) PEDOT:PSS

Attributed to its excellent optical transmittance, straightforward processing, and extensive prior application in
organic photovoltaic systems, PEDOT:PSS has historically been the first HTL used in inverted Pb-based PSCs.?? 33 By
far, PEDOT:PSS becomes the preferred HTL for Sn- and Sn-Pb based inverted PSCs due to its favorable energy-level
alignment with these perovskites. PEDOT:PSS consists of two ionically bound components: conductive PEDOT and
insulating PSS. The electronic properties of PEDOT are heavily dependent on PSS for charge stabilization and aqueous
processability.* However, the acidic sulfonate groups in the PSS component can corrode the underlying indium tin
oxide (ITO) electrode, leading to the increased series resistance and degraded electrical contact.?* 35 Additionally, its
strong tendency to absorb moisture from the environment accelerates the perovskite decomposition. These factors also
constitute one of the underlying reasons for the limited stability observed in Sn- and Sn-Pb based devices. Leveraging
PEDOT:PSS as HTL, Sn- and Sn-Pb based inverted PSCs have achieved the record certified PCE of 16.65%3 and
24.13%%7, respectively. Nonetheless, compared with Pb-based PSCs, the operational stability of Sn- and Sn-Pb
counterparts remain unsatisfactory.’® 3 Current research is advancing along two complementary strategies: (i)
optimizing PEDOT:PSS to alleviate its intrinsic defects and achieve better energy-level alignment for efficient hole
extraction**4, (ii) developing acid-free, hydrophobic, and optically transparent alternative hole contacts for improved
long-term device stability*6-!.
(2) PTAA and its derivatives

Later, owing to its high conductivity and chemical stability, PTAA and its derivatives emerged as the widely used
polymer HTLs in inverted Pb-based PSCs, which eliminates drawbacks brought by PEDOT:PSS. In the early
development of PTAA, doping with hydrophilic molecules such as FATCNQ was commonly employed to enhance its

3
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electrical conductivity. However, the incorporation of FATCNQ has been shown to adversely affect device stability due
to its hygroscopic nature. Gradually, dopant-free PTAA has emerged as a promising alternative for fabricating more
stable inverted PSCs. Benefiting from the ultra-smooth surface of commercial ITO substrates, it éso ‘f?g%kszga% tstgégi 4czasit
an ultra-thin layer of undoped PTAA without compromising film uniformity. Through synergistic surface modification,
particularly the introduction of a porous Al,O; insulating interlayer that minimizes interfacial contact and passivate the
interface, dopant-free PTAA-based inverted PSCs deliver a champion PCE above 25.5% (24.7% certified) and maintain
over 98% of the initial efficiency after 1,000 hours of maximum power point tracking (MPPT) under 1-sun illumination
(~35-40 °C).>?

Nevertheless, due to its intrinsic hydrophobicity and low surface energy, PTAA exhibits poor interfacial wettability
with perovskite precursor solutions. This interfacial incompatibility often results in non-uniform perovskite film
formation, promoting the emergence of morphological defects and voids.>* 3* Moreover, PTAA features a relatively
shallow highest occupied molecular orbital (HOMO) level, which compromises energetic alignment with a broad range
of perovskite compositions. Additionally, the absence of intrinsic passivating groups in PTAA hinders its ability to
suppress interfacial trap states and defect-induced ion migration, both of which contribute to long-term degradation
pathways in PSCs.** To tackle these challenges, molecular engineering of PTAA has been explored, such as removing
alkyl groups and adding pyridine rings as multifunctional anchors, or changing the pyridine linkage sites.> 3¢ These
modifications help create deeper HOMO levels for better energy alignment with the perovskite, and improves interface
properties and surface wettability, enabling the formation of high-quality perovskite/HTL interface, thus improving the
device stability.

2.1.2 Self-assembled Monolayers

Self-assembled monolayers (SAMs) based hole selective layers were initially introduced in PSCs quite some time
ago®’-3%; however, their application has garnered renewed attention following the development of a series of carbazole-
derived molecules functionalized with phosphonic acid anchoring groups (e.g. 2PACz, Me-2PACz, Me-4PACz, and
4PADCB). The integration of these SAMs, either as a replacement for or in conjunction with traditional materials such
as poly(triarylamine) (PTAA) and NiO, catalyzed a boost advancement in the performance of inverted PSCs, with the
PCE now exceeding 27%, underscoring their transformative role.”> 3°-6!

A typical SAM consists of three fundamental components: an anchoring moiety, a molecular spacer (linker), and
a terminal functional group (Figure 3A), each play a distinct role in interacting with the metal oxide (MO), adjacent
molecules, and the perovskite layer. These interactions collectively determine the chemical and structural stability of
the HTL/perovskite interface. (1) The anchoring moiety, often a Brensted-Lowry acid such as phosphonic acid (PA, -
PO(OH),), enable the attachment to MO surfaces via coordination bonding (P-O-M) and surface reactions.®? The binding
strength of the SAM/MO interaction is determined by the inherent chemical characteristics of the SAM's anchoring
groups and the MO surface.®® % (2) The linker, commonly composed of alkyl chains or conjugated aromatic units,
provides spatial separation and molecular flexibility, ensuring the formation of a well-ordered monolayer.® % (3) The
terminal group imparts the SAM with specific interfacial functionalities, tuning key parameters such as surface energy,
electronic alignment, and charge transport dynamics at the interface.®” The linker and terminal groups govern m-nt
interactions between SAM molecules, which are essential for molecular ordering, anchoring robustness, and surface
uniformity.

Although the monolayer architecture of SAMs allows for ideal interfacial contact, it also makes them susceptible
to degradation or desorption, especially under light and thermal stress (Figure 3B). Understanding the stability issues
of SAMs requires examining their formation process. Tethering aggregation and growth (T-BAG) method is widely
used to prepare phosphonic acid (PA)-based SAMs on transparent conductive oxide (TCO) substrates.®®7° The process
typically involves three steps: (1) deposition of a thin PA layer on the MO surface, where weak secondary interactions
(e.g., hydrogen bonding or van der Waals forces) form a physisorbed layer;”"-7? (2) thermal annealing, which promotes
dehydrative condensation between hydroxyl groups on the TCO surface and PAs to form covalent P-O-M bonds; and
(3) rinsing to remove physisorbed species, leaving a chemically anchored monolayer.”® Given this formation pathway,
the instability of SAMs can arise from molecular-scale structural and interfacial evolution. Based on their molecular
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structures and interfacial interactions, these instability mechanisms can be categorized into three levels. (i) Within the
SAM layer, molecular chemical denaturation and packing disorder threaten structural integrity.”*’¢ PA molecules may
form hydrogen bonds through P-OH or P=O groups with neighboring molecules or surface hycliar(g)‘?%ll Smggﬂgfe
weak interactions can lead to desorption during washing or under light and thermal stress. Moreover, since SAMs are
molecularly thin interfacial layers with thickness typically at the nanometer scale, even slight variations in molecular
orientation, deprotonation degree, or intermolecular interactions can significantly alter interfacial dipoles and charge-
transport characteristics. Insufficient molecular packing or non-uniform surface coverage lead to the variations in
wettability toward the perovskite precursor solution, directly influencing crystallization dynamics during perovskite
deposition, and amplifying device-to-device variability. These subtle structural and surface-energy fluctuations not only
reduce long-term stability but also magnify interfacial heterogeneity during device operation. (ii) At the SAM/MO
interface, anchoring is governed by surface-limited chemical bonding, primarily through P-O-M bonds.?"> 2> 77
Consequently, long-term stability strongly depends on the integrity of these interfacial bonds. External stresses, such as
thermal stress, electric fields, or mechanical strain, can weaken or break these bonds, leading to partial SAM desorption.
Stable SAM formation thus requires maximizing covalent bonding while minimizing weak physisorption.” To increase
the availability of reactive sites, strategies such as introducing multiple anchoring groups in SAMs and/or optimizing
MO substrate treatments have been employed to enhance interfacial exposure and improve anchoring efficiency. (iii)
At the SAM/PVK interface, weakened interactions between terminal groups and perovskite under operational stress can
reduce passivation and interfacial contact, accelerating perovskite degradation.”- 8 Additionally, mismatched band-
alignment at the SAM/PVK interface greatly influences interfacial extraction, accelerating interface reactions and
electric field-induced ion migration during device operation.®! Thus, electronic and chemical instability become strongly
coupled, leading to progressive evolution of the HTL/perovskite interface in inverted PSCs and making degradation
pathways more intricate and less predictable.

These pronounced interfacial sensitivities are further amplified during the transition from laboratory-scale
fabrication to large-area processing.®> As device dimensions increase, even slight variations in molecular coverage or
anchoring density can propagate into significant performance inhomogeneity. Although SAMs perform well in small-
area devices, commonly used methods such as spin-coating and dip-coating often fail to ensure uniform, and high-
quality coverage over large surfaces. For large-area perovskite modules, monolithic interconnection (P1-P2-P3 laser
scribing) is used to reduce series resistance and maintain a high fill factor.?* During P1 scribing, parts of the glass
substrate are exposed. When hydrophobic SAMs such as Me-4PACz are deposited, the wettability difference between
glass and ITO can lead to non-uniform perovskite coating. This often results in pinholes and electrical shunts between
sub-cells, degrading module performance (Figure 3C).* Therefore, developing scalable deposition techniques such as
co-assembled monolayer by additives that enable homogeneous and defect-less SAM formation is essential for
advancing toward industrial-scale module fabrication.’? 34
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Figure 3. (A) Schematic illustration of the structure, types, and functions of SAMs.%> Copyright 2019, Wiley-VCH. (B) The
illustration of the failure of the inner layer of the SAM under external pressure and the corresponding molecular design.” Copyright
2023, Wiley-VCH. (C) Schematic highlighting the module design and coating challenges on Me-4PACz at P1 scribe areas, and
potential device shunting due to pinholes on perovskite film.#> Copyright 2024, Wiley-VCH.
2.1.3 Inorganic Hole Transport Layers

Compared to organic HTLs, inorganic HTLs offer superior intrinsic stability against heat and moisture. A variety
of p-type inorganic semiconductors have been investigated in inverted PSCs, including antimony-doped tin oxide (ATO),
NiO,, and a range of copper-based compounds such as copper oxide (CuOy), and copper thiocyanate (CuSCN). NiO,
has attracted significant attention as a low-cost, highly transparent HTL with a suitable work function. However, the
complex chemical properties of NiOy raise concerns regarding the long-term stability of devices. NiOy exhibits
photocatalytic activity and can be oxidized to Ni,O; under light and oxygen exposure.?® 87 Moreover, NiO, based devices
have shown degradation under electrical bias and thermal stress (e.g., aging at 85°C in N,).% % The NiO,/perovskite
interface often suffers from chemical reactions between high-valence Ni=** ions and perovskite precursors, leading to
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serious interfacial recombination and material degradation (a detailed discussion is provided in section 2.2.1).
Additionally, the energy levels of NiO, are highly sensitive to its preparation method and conditions, while lattice
mismatch with the perovskite can further introduce interfacial defects and compromise deviceDsgg?oill%%ﬁDl;%%@Ee,
rational surface engineering of NiO, HTL is critical for enabling stable inverted PSCs.

2.1.4 Electron Transport Layers

In inverted PSCs, ETLs must have suitable energy-level alignment for efficient electron extraction, high
conductivity and mobility for scalable fabrication, chemical and thermal stability to protect the perovskite, and excellent
optical transparency, commonly achieved using fullerene derivatives, n-type conjugated polymers, or n-type metal
oxides.?* Fullerene-based ETLs, including Cg,, PCBM, and derivatives like Cgy-bis, ICBA, and CMC, are widely used
in high-performance inverted PSCs due to their high electron mobility and low-temperature processability. They can be
applied singly, in bilayers (e.g., PCBM/Cy), or as blends (e.g., CMC + ICBA) to optimize highest occupied molecular
orbital (LUMO) alignment with the perovskite.”> *! Beyond charge transport, fullerene ETLs also enhance stability,
partly via the “scavenging effect”.92 3

While fullerenes, have been integral to high-performance inverted PSCs, emerging challenges, such as energetic
disorder, mechanical fragility, and high cost, are increasingly recognized as barriers to continued progress.’**° However,
high-quality Cg films are typically obtainable only via thermal evaporation, due to Cg’s poor solubility in most solvents
stemming from the lack of solubilizing functional groups on its carbon cage.'” In contrast, PCBM fabricated by
solution-processing is prone to thermal- or/and light-induced dimerization on perovskite surface, which reduces the
uniformity of PCBM layers and diminishes its charge transport capability.'?!1% Unlike very thin SAMs, PCBM needs
thicker films—tens of nanometers—making it harder to form uniform layers. While this is less problematic for small
lab-scale devices (< 0.1 cm?), it becomes a major issue when scaling up.'%

To further optimize interfacial energetics, a buffer layer, commonly bathocuproine (BCP), is typically introduced
between the fullerene and the top electrode. However, BCP suffers from poor thermal stability under the 85°C specified
by the ISOS protocol, which limit the outdoor stability.?® 1% These drawbacks have prompted a shift toward exploring
alternative, non-fullerene ETL materials, such as atomic-layer-deposition (ALD) SnO,'%, Zn-doped SnO, (ZTO)!?7, and
organometallic complexes!®. Inorganic metal oxides (e,g., SnO,) onto perovskite films are gaining momentum,
eliminating the need for fullerene-based interlayers (which will be discussed in section 3.5).

2.2 Interface-Amplified Instability Mechanisms in Perovskite Absorber
2.2.1 Chemically Driven Decomposition

Chemically driven decomposition encompasses: (i) the activation of detrimental defect sites at the interface
between the perovskite absorber and the CTLs; (ii) the subsequent generation of secondary species, such as molecular
iodine (I,), further exacerbating instability by chemical reactions and irreversible structural degradation.

(1) PEDOT:PSS/Narrow-bandgap (NBG) Perovskite Interface

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is the most widely used HTL in Sn- and
Sn-Pb based NBG single-junction and tandem devices, owing to its relatively shallow valence band, which enables
favorable energy level alignment with Sn-Pb perovskites and facilitates efficient hole extraction, thereby delivering
some of the highest reported efficiencies in this field.!?-'> However, PEDOT:PSS is notorious for deteriorating NBG
PSCs under external stimuli. A major drawback of PEDOT:PSS is the acidity of its polystyrene sulfonate (PSS) units,
which act as dopants to enhance PEDOT!'s conductivity.

On the one hand, due to its low acid dissociation constant (pK,), the sulfonic acid (-SO;H) group in PSS units can
undergo a neutralization reaction with SnF,, an indispensable basic additive which is a necessary for preparing the high
quality NBG perovskite film to retard the repaid crystallization through neutralization reaction (-SO;H + SnF, —-
SO5-...Sn?" + HF).# The interfacial reaction can alter the interface's chemical properties and accelerate the degradation
of NBG PSCs (Figure 4A). On the other hand, amines iodide (AI) which diffuses from the breakdown of perovskite
absorber into PEDOT:PSS could react with PSS through the reaction of 4Al + 4PSSH + O, — 4PSS-A*+ 2H,0 + 21,.'14
This process leads to the deactivation of PSS and subsequent de-doping of PEDOT:PSS, greatly influencing the hole
extraction and interface stability. Meanwhile, the local interfacial chemical environment critically amplifies these I,-
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mediated degradation pathways. Further evolution of the formed I, is identified as a major culprit behind degradation
of Sn- and Sn-Pb based perovskites. Once generated, I, participates in multiple parasitic reactions that destabilize the
lattice. First, I, easily reacts with organic cations (e.g., methylammonium) within Sn-containing per(D)(\')/‘slfétleo%/D/;}g% ;1}%@%
bonding, further promoting the formation of corrosive triiodide (I5") species, Al; byproducts (Figure 4B !
parallel, I- of perovskite acts as a Lewis base while I, behave as a Lewis acid, resulting in a homogeneous reaction (I +
I, 5 I5). The generation of I3 intermediates promotes further I, volatilization which happen mainly at the surface under
both inert and ambient conditions (Figure 4C).!' More critically, I, acts as a strong oxidizing agent, converting lattice
Sn?* and forming Snly (e.g., 2APbysSnysl; + I, — 2AI + Pbl, + Snly). This reaction not only disrupts the perovskite
framework but also regenerates reactive iodine species, establishing a self-sustaining, I,-driven redox cycle that
accelerates absorber decomposition.''> 17 Overall, I, functions both as a reactive intermediate and a catalytic oxidant,
making its formation and accumulation central to the intrinsic instability of Sn-containing perovskites. When replacing
HTL featuring the carboxyl (-COOH) group with a higher pK,, such as poly[3-(4-carboxybutyl)thiophene-2,5-diyl]
(P3CT), these reaction at the HTL/perovskite interface was greatly suppressed, which endowed the all-perovskite TSCs
with Ty; operational lifetime (time required for the device efficiency to drop to 97% of its initial value) exceeding 1,000
hours.!?

(2) NiO,/Perovskite Interface

NiO,/perovskite interface suffers from a detrimental redox reaction between Ni** and I- of perovskite absorber
(2Ni=¥*+ 2I' — 2Ni=?*+ 1,), which triggers the severe interfacial degradation and impedes charge carrier collection.®
Inevitably, the consumption of I- induces the further formation of iodide vacancies (V;)!'*- 12, which can intensify halide
migration under illumination and electrical bias, causing hysteresis and further material degradation. I, as a product of
such a redox reaction, is highly reactive and can initiate multiple degradation pathways of perovskite.

First, I, can react with I- to form the triple halide ion (I, I, + I < 13°), and in the chemical environment of MA* or
FA*, such a species is liquid and at room and higher temperature (I;- + CH(NH,)," — NH;31 + HCN1T + HI;, I3 +
CH3;NH;* — CH3NH,1 + HI;).'2! Such triple halide melt is corrosive to perovskite and induces the voids formation in
the perovskite film. Second, I;- lowers the deprotonation energy barrier for organic cations (MA" and FA"), facilitating
the loss of MA and FA and thus the easier decomposition of perovskite (Figure 4D).'?> The formation of Pbl, is
commonly accompanied by the loss of organic cations. It has been reported that defects in Pbl, can capture charge
carriers generated within itself, or capture holes from the perovskite, to further produce I, and metallic lead (Pb°) (Pbl,
— Pb® +1,1).12% 124 Under illumination, I3 participates in photochemical reactions that generate corrosive iodine radicals
through a cascade process (I;-+ hv — I+ I,7). These radicals further exacerbate the decomposition of the perovskite
lattice and trigger a chain reaction that compromises stability of various perovskite systems.

Meanwhile, I, triggers the phase transition from the active a-phase of FAPbI; perovskite to the non-photoactive d-
phase.'? Elevated temperatures can further accelerate this process by promoting I, volatilization, ultimately leading to
the irreversible perovskite degradation. In lead-based mixed halide perovskites, as shown in Figure 4E, our group
demonstrate that photogenerated I, reacts with bromide ions (Br) to form trihalide ions L,Br (I>+I°*-Br%"), from which
the negatively charged iodide (I>) can then exchange with another lattice Br, resulting in the formation of an iodine-
rich phase (Br + I, 5 LLBr (1), LBr + Br < IBry, +I- (2))%. For NBG perovskite, the interfacial instability becomes
even more pronounced, as the high-valence Ni** species not only react with I ions but also oxidize Sn** to Sn**, thereby
imposing a significant barrier to the direct replacement of PEDOT:PSS with NiOy as the HTL in Sn-containing systems.
In our group, we have further demonstrated that the photo-instabilities in perovskites originate from the light-induced
creation and annihilation of iodide-related defects, which act as carrier trap states.'?® These competing processes,
photoluminescence intensity enhancement (PLIE, I;*/I;--V|" + e — L,%I;---V{* — 1, + Pristine material) and
photoluminescence intensity degradation (PLID, I;*/I; + e- — L,%I; + h* — 21, 1) (Figure 4F), are governed by
the dynamic formation of surface-coordinated I,. The stabilization of I, at surfaces or grain boundaries serves as the key
trigger for the harmful PLID. Once surface-bound I, accumulates, the resulting iodine imbalance between surface and
bulk drives a series of compensatory redox and ionic redistribution reactions that regenerate the bulk I;*/I;- defect
population. This feedback loop accelerates structural decomposition and deteriorates both film and device stability.
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Ni=** defect sites also show Brensted acid-base character and can deprotonate organic ammoniums during the film
formation, leading to the loss of A-site cations as amine gases from the perovskite (APbl; + Ni=**O, — Niz2*O,H + Pbl,
+ A(g) + 1/21,) (Figure 4G).%° This will leads to the remaining Pb** and halide ions to transgogﬂogggﬁ%ﬁ%g %ﬂgifle
NiO,/perovskite interface, which is photo unstable and also serve as a barrier to charge extraction, thereby limiting the
open-circuit voltage (V,.) and long-term stability of the devices. By a non-destructive, fabrication-compatible, and
universally effective technique, Hou et al. uncovered that all perovskite/metal oxide interfaces undergo similar
deprotonation processes of organic ammoniums (e.g., FA") albeit to different extents, which lead to the formation of
interfacial defects and degradation sites (such as Pbl,, Pb’, Figure 4H).'?’

(3) Perovskite/ Ammonium based Ions Passivation Layer Interface

State-of-the-art inverted PSCs utilize organic ammonium ligands (e.g., phenylethylammonium, ethylenediamine)
to passivate surface defects and suppress nonradiative recombination at the perovskite/ETL interface. These ammonium
cations, along with the tunable chemical functionalities of the ligands, can either form a thin molecular passivation layer
on the perovskite surface or promote the formation of a low-dimensional (LD, typically two-dimensional, 2D) perovskite
capping layer atop the underlying three-dimensional (3D) perovskite.!% 128-130 Phenylethylammonium (PEA") based
cationic species, including derivatives such as 4-(trifluoromethyl)phenethylammonium (CF;PEAY), 4-
fluorophenethylammonium (FPEA"), typically induce the formation of a low-dimensional (2D or quasi-2D) perovskite
capping layer on the surface of the 3D absorber. The resulting 2D overlayer enhances stability by increasing the
activation energy for halide ion migration, thereby creating a more compact lattice framework.!*!> 132 Diammonium
cations such as ethylenediammonium (EDA?") and 1,3-propanediammonium (PDA?") can form bifunctional interfacial
linkages that generate interfacial dipoles and effectively passivate surface defects.!!3 133-135 By reducing trap-assisted
recombination and facilitating charge extraction at the perovskite/Cg, interface, these passivators mitigate charge
accumulation and electric-field-driven ion migration, contributing to improved operational stability. Critically, the
conformality of the passivation layer or LD capping layer directly influences device efficiency by modulating interfacial
band alignment and charge extraction, as well as operational stability by suppressing ion migration and limiting moisture
ingress.

However, the persistence of these benefits depends on the chemical stability of the passivators, and the durability
of the passivating efficacies. The durability of the passivation efficiency, whether achieved through LD phase formation
or interfacial dipole engineering, is governed by the resistance of the organic cations to deprotonation, thermal stress,
and chemical evolution under operating conditions. Notably, cations with relatively low acid dissociation constants
(pK.,), insufficient steric hindrance, high chemical reactivity, or weak interfacial binding, such as n-butylammonium (n-
BA*) and phenylethylammonium (PEA*), may undergo deprotonation or structural rearrangement at elevated
temperatures.'3¢138 This process leads to the formation of volatile amines and halide species. The generated amines can
further undergo transamination reactions with the perovskite lattice, accelerating surface degradation.'*® This
deprotonation not only compromises the passivation functionality but also introduces additional vacancy defects on the
perovskite surface during extended operation. Consequently, even the most efficient PSCs (with PCEs > 25%) often
suffer from limited operational stability. For instance, under MPPT at 85°C and 50% relative humidity (RH) (ISOS-L-
3 protocol), the Ty lifetime typically plateaus at around 500 hours.'!

One illustrative example is the widely used phenylethylammonium (PEA™) cation, which, despite its passivation
benefits, has been shown to markedly impair the photothermal stability of FA-based perovskites, regardless of the
incorporation method.'*® The impact of PEA* on intrinsic stability of FACs-based perovskite was evidenced by the
perovskite morphology and crystallinity evolution after light soaking at 85°C for different durations (Figure 4I). The
underlying mechanism involves the low pK,, PEA" easily react with FA" ions through the deprotonation of PEA* to
neutral PEA® followed by a rapid condensation reaction between PEA? and FA* to form
(phenethylamino)methaniminium (PEAMA™) (PEA* < PEA? + H' (1), PEA? + FA* — PEAMA™ + NH;1 (2)) (Figure
4J), which render PEA"-based 2D perovskites transferring from lower-n 2D phases to higher-n 2D phases (n = 3) after
annealing at 120°C for 130 hours. Additionally, this generates ammonia, which causes damage to perovskite interfaces
and grain boundaries, severely limiting the high-temperature photostability of devices. By contrast, butanimidamidinium
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(BAD") and deprotonated propanediimidamide (PDI?>*) exhibit higher pK. values than typical ammonium cations,
indicating greater resistance to deprotonation and improved interfacial stability.!! Despite recent advances, suppressing
the deprotonation of organic A-site cations remains a key challenge. Rational molecular design fggﬁg(liogg%%lgg%%g?g
acid-base stability and structural robustness is essential for achieving durable large-cation interfaces in inverted PSCs.
(4) Reactions at the Perovskite/ETL/Electrode Interface

Fullerene-based ETLs (e.g. PCBM, Cq) are particularly susceptible to degradation due to their inherently porous
structure, which facilitates the intercalation of halide ions, especially iodide ion (I)).!#! At the perovskite-fullerene
interface, the halide anion-fullerene m interactions can lead to the highly conductive n-doped fullerene, which can
enhance the electron transport and contributes to the improved device performance while also reducing hysteresis. % 142
However, the I- ion can diffuse through the fullerene-based ETL and then accumulate at the metal electrode surface.!'*3
The I ion readily react with metal electrodes, causing the irreversible device degradation, especially under light and
thermal stress. This degradation is often observed indicated by a yellow color change resulting from the reaction
between [~ ions and silver (2Ag + I, — 2Agl). Even more inert metals like gold (Au) can corrode when exposed to
polyiodide melts (MAI-nl,) formed by volatile I, and MAI from the perovskite layer.'#*
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Chemically Driven Decompeosition (1) PEDOT: PSS/NBG Perovskite Interface
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Figure 4. Chemically Driven Decomposition. (A) (Ai) Possible side reaction products at PEDOT:PSS/perovskite interface. (Aii)
Photo-stability of the Sn-Pb PSCs with and without PEDOT:PSS.* Copyright 2023, Wiley-VCH. (B) Reaction scheme for the
interfacial chemistry occurring between PEDOT:PSS and perovskite.!'* Copyright 2025, Royal Society of Chemistry. (C) Schematic
of proposed chemical degradation mechanism in perovskite surface, including interfacial regions between the PAL and charge
collective layers as well as grain boundaries.''® Copyright 2020, American Chemical Society. (D) The catalytic effect of I, on the
decomposition of MA* or FA*.122 Copyright 2023, Wiley-VCH. (E) I, induces I-rich phase formation and halide segregation'*®.
Copyright 2023, Wiley-VCH. (F) Photoluminescence enhancement and quenching mechanisms.!?® Copyright 2019, Nature
Publishing Group. (G) Schematic of NiO,/perovskite interface reaction.!4% 147 Copyright 2020 and 2025, Cell Press. (H) (Hi) The
correlation between interface fracture energy and interface proton transfer interaction intensity. (Hii) Zn K-edge XANES spectra of
ZnO; in the Pero-ZnO; interface at the pre-stage of PSCs.'?” Copyright 2025, Nature Publishing Group. (I) (Ii) PCE of encapsulate
devices with PEACI as a function of measurement time (top) under ~55 °C and (bottom) ~85 °C 1-sun illumination at open circuit
conditions in N,. (lii) Cross-sectional SEM images of PSCs prepared with PEACI after stability measurement under ~85 °C 1-sun
illumination at open circuit conditions in N,. (J) Reaction scheme of PEA* with FA*.13 Copyright 2023, Nature Publishing Group.
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2.2.2 Detrimental Point Defects and Phase Impurities
(1) Interface Defects

The detrimental defects within PSCs are mostly accumulated at the interface between the charge transport:layers
and the perovskite layer.'4®15! The grain surface charge trap densities of the polycrystalline films h%?)élgé%ﬁ/fpgﬁ;%ilg%e
one to two orders of magnitude higher than those in the grain bulk.!’? At the atomic level, the perovskite surfaces can
host three types of intrinsic defects: interstitials, anti-site defects, and vacancies.!** Unlike bulk defects that typically
form shallow traps, surface defects, characterized by low formation energies due to varied terminations and
undercoordinated sites, tend to create deep traps. The trappings of charge carriers at these defects under external stimuli
such as light and bias can initiate chemical reactions and degradation of the interface, which is highly detrimental to the
long-term operational stability of the devices.

lodide interstitials (I;* and ;) represent one of the most fatal and active defects which deteriorate device stability.
As shown in Figure SA, ;- undergoes a rapid trap-filling process by capturing holes to form neutral iodide (I; + h* —
I;%). I, typically combines with an adjacent I to form a I,- species.!?¢ 134 155 [;* exists in the form of the trimer I5-, which
can capture electrons to form I,°.'2¢ Subsequently, two I centers can recombine to form an I, molecule (21, — 1), which
not only initiates a several chain reactions within the perovskite as mentioned above, but also reacts with charge transport
layers. Li et al. found that HTL can capture photogenerated I, from the adjacent perovskite in the form of [HTL]"/I5- or
[HTL]*/I:, by transferring electrons to I, from the HOMO of the HTL. This leads to the degradation of the
HTL/perovskite interface in inverted PSCs. Huang et al. demonstrated that reverse-bias can promote the reaction
between iodide interstitials (I;) and injected holes (trap-filling process, I+ h* — I;°) at the perovskite/Cy, interface. I,°
would be further oxidized to I;* followed by the valence band (VB) oxidation with the injected holes (VB + h* — h*@VB,
h*@VB + I, — [;*), resulting in the I;" accumulation of starting from the perovskite/Cg interface. (Figure 5B).!5¢ A
more recent study by their group also elucidated that the UV light can cause the degradation of PTAA/perovskite
interface by preferentially inducing the formation of I;*.!57 As shown in Figure 5C, UV radiation can disrupt primary
chemical bonds within PTAA and perovskites, as well as weaken the secondary bonding at the ITO/PTAA/perovskite
interface. This process accelerates I migration to generate a higher concentration of I;*, which promotes excess hole
accumulation and thus facilitates A-site cation migration and phase segregation at the HTL/perovskite interface.

Sn-based perovskites are primarily limited by both the facile oxidation of Sn?>* to Sn*" and iodide chemistry.
Snaith’s group demonstrated that the dominant degradation mode in Sn-Pb PSCs under combined heat and light stress
(ISOS-L-2) changes with different hole transport materials, which is attributed to variations in iodine vacancy (Vi)
generation rates influenced by the interaction between CTL and the perovskite absorber.!’® As shown in Figure 5D, the
dominant degradation pathway in devices with PEDOT:PSS is the redistribution of mobile ions, driven by a rapid
increase in V| caused by chemical reactions between the perovskite and the acidic PEDOT:PSS. In contrast, devices
with PTAA exhibit less ion-redistribution-related degradation, likely due to weaker chemical interactions between
PTAA and iodine in the perovskite.
(2) HTL/Perovskite Interface Impurities

In inverted PSCs, the HTL not only functions to extract and transport holes but also plays a crucial role in directing
perovskite crystallization and determining the quality of the resulting perovskite film. Poor HTL properties can lead to
heterogeneous nucleation, or unreacted precursors at the HTL/perovskite interface. For example, the intrinsic
hydrophobic property makes the PTAA layer incompatible with the polar perovskite precursor solution, thus hindering
the growth of high-quality perovskite film.

At the PTAA/perovskite interface, on one hand, Huang et al. found that the numerous voids existing at the
PTAA/perovskite interface can act as reservoirs for decomposition products such as I, and initialize the film degradation
under illumination.* These voids originate from the shrinkage of perovskite layers owing to the removal of residual
DMSO and the conversion of amorphous phase to the crystalline phase.'” However, they also revealed that the
amorphous phase instead of voids is the primary source of iodide interstitials (I;) which are the dominant defects
responsible for light- and thermal-induced degradation.'® On the other hand, the incomplete conversion of the
immediate phase also leads to large flaky lead-halide (Pbl,Br,) grains at the PTAA/perovskite interface, which are
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both larger and more abundant than those observed on the top side (Figure SE). These submicron imperfections can
further trigger interfacial reactions and non-radiative recombination, leading to serious interfacial energy losses and
instability issues of devices. ¢! View Article Online

Additionally, grain surface concavities (GSCs) at the HTL/perovskite interface, which have lgggl%é%ﬁ/géEeErcig%lZ(éd
in morphological studies, also compromise structural integrity and weaken the micro-heterointerface between perovskite
grains and HTL.!**!% As shown in Figure 5F, during thermal cycling tests, the accumulated thermal stress on the
convex ridges easily causes interfacial delamination at the micro-heterointerface. Moreover, GSCs facilitate moisture
ingress and impede heat dissipation, leading to the accumulation of moisture and heat at these micro-heterointerfaces.
Furthermore, the exposed surfaces of GSCs are susceptible to photothermal decomposition, exacerbating the devices
degradation.'¢?

(2) Perovskite/ETL Interface Impurities

On the one hand, studies by Huang et al. revealed the presence of defective nanocrystals and some amorphous
phases on the surface of the perovskite film (approximately 0-50 nm), the area approaching C¢y ETL (Figure 5G).!%
These nanoscopic impurities create more open and defect-prone structures resembling grain boundaries, resulting in the
reduced surface hardness, improving the permeability to moisture and oxygen, and accelerating the ion migration and
the subsequent formation of iodide interstitials.'?

On the other hand, fullerene-based ETLs, particularly Cqp, have been reported to introduce additional trap states
within the perovskite bandgap.’® The perovskite-fullerene interface is a dominant origin of voltage loss in devices, due
to work function overlap that creates interfacial trap states. According to the study by Stolterfoht et al., the major
contribution to Cg-induced recombination loss arises from its very first monolayer, rather than from the Cg bulk or the
uncovered perovskite surface. Experimental evidence confirms that interfacial Cg, molecules act as deep trap states upon
direct contact with perovskite (Figure 5H).'® These traps impurities not only hinder charge extraction, but also
compromise interface stability and thus device lifespan.
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Figure 5. Detrimental Defects and Phase Impurities. (A) Schematic diagram of iodide interstitials evolution.'®” Copyright 2023,
Wiley-VCH. (B) Schematic of the generation of iodide interstitials in devices under illumination (left), and the degradation processes
in devices under reverse bias (right).!*® Copyright 2022, Nature Publishing Group. (C) (Ci) XRF mapping of the Cs/I ratio (right)
of the PTAA-based perovskite films before and after LEP lamp illumination for ~100 hours. (Cii) Schematic degradation process
of perovskite under light illumination with strong UV light.!3” Copyright 2024, Science Press. (D) Interface defect (Vg, and V)
change of devices using PTAA and PEDOT:PSS.!>® Copyright 2025, Nature Publishing Group. (E) (Ei) SEM images of bottom
sides of the perovskite films. (Eii) AFM image (top panel), and corresponding KPFM image (bottom panel) of the bottom side. ¢!
Copyright 2021, Wiley-VCH. (F) Schematic illustration of the strain evolution in a perovskite film during -40 °C to 85 °C thermal
cycling (left), damp heat test (middle), photothermal decomposition (right) with GSCs.!¢2 Copyright 2024, Nature Publishing Group.
(G) (Gi) Cross-sectional TEM image of a device with a structure of ITO/PTAA/MAPDI;/Cq/BCP/Cu. (Gii) HRTEM images of
MAPDI; at positions 1. (Giii) Schematic illustration of the nanocrystals and amorphous phase at the top surface of MHP
polycrystalline films.!®> Copyright 2021, Royal Society of Chemistry. (H) (Hi) PLQY versus Cg thickness for a double cation
perovskite, and triple cation perovskite (inset), showing that the PL emission is quenched within the first few nm of Cg indicating
the importance of recombination directly across the interface. (Hii) Final proposed mechanism and causes of Cg induced
nonradiative losses showing increased nonradiative recombination either via a charge transfer state or low lying Cg states at the
interface due to D.O.S broadening.!®® Copyright 2021, Wiley-VCH.
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2.2.3 Ton Migration and Accumulation
(1) Ion Accumulation at the Perovskite/CTL Interface

As reported, the diffusion coefficient of migrating ions in the p-i-n structure is three orders of magnitudediigher
than in the n-i-p cells, leading to different accumulation rates of ions near the interfaces.!® DrivenD%I 1tciile ?1/gg€rﬁ%7%éfd,
positively charged defects (e.g., Vi and MA,) and negatively charged defects (e.g., Vua and I;) migrate toward the HTL
and ETL interfaces, respectively. The ion accumulation results in field screening that weakens the built-in potential,
impedes efficient charge extraction, and promotes further the ion migration and defects formation. Over time, these
defects increase nonradiative recombination and trigger chemical degradation at the interfaces. Additionally,
mismatched band alignment between the perovskite and the adjacent CTL can exacerbate the ion accumulation at the
perovskite/CTL heterointerfaces.

This challenge becomes particularly acute in mixed halide perovskite based inverted PSCs, serving as the sub-cells
of perovskite based TSCs. Our group revealed that inefficient charge extraction within devices leads to carrier trapping
at iodide interstitials, exacerbating the formation of I, and thus promoting the halide segregation.!®® Tan et al.
systematically studied the photostability of devices under MPPT and open-circuit (OC) conditions (Figure 6A). They
found that devices under OC conditions showed more severe degradation than those under MPPT, with the difference
in degradation rates being more pronounced in wide-band gap (WBG, 1.68 and 1.78 eV) PSCs compared with mid-gap
PSCs. This is attributed to charge accumulation accelerating halide segregation under illumination, due to the
mismatched energy level and high trap density at the perovskite/Cg, heterointerface.!”®

Further insights by Wolf et al. reveal that valence band maximum (VBM) offsets and energy barriers at the
HTL/perovskite interface affect the charge accumulation, which exacerbates halide segregation and deteriorate
operational stability of WBG PSCs (1.69, 1.81, and 2.00 eV) (Figure 6B).8! Energy barriers cause holes to accumulate,
drawing in anions, while VBM offsets lead to electron buildup, attracting cations. With well-aligned VBM levels, ion
accumulation and halide segregation are minimized, thereby enhancing the operational stability of devices. These
findings highlight the design of heterointerfaces that facilitate charge extraction and maintain durable interfacial contact.
(2) A-site Cation Diffusion at 2D/3D Perovskite Heterojunction Interface

Two-dimensional (2D) perovskites have emerged as effective passivation layers at the perovskite/ETL interface,
significantly mitigating non-radiative recombination, suppressing ions migration, and enhancing interfacial stability.!”"
172 Despite substantial advancements in device operational longevity enabled by 2D/3D perovskite heterostructures,
fundamental challenges persist, such as the complex ionic dynamics nature. In particular, A-site cation diffusion between
the surface 2D perovskite layer and the underlying 3D bulk can trigger dimensional transformations under thermal, light,
and bias stress, which would lead to interface reconstruction and loss of initial properties.'4% 173-176

Perini and co-workers reported accelerated degradation in 2D/3D PSCs based on (CsMAFA)Pb(I,Br); treated with
PEAI and octylammonium bromide (OABr), compared to untreated devices.!”® The stability tests were conducted under
inert atmosphere, 1 sun illumination, and at 55°C for 1000 hours. The reduced stability was attributed to ion migration
at the 2D/3D interface during thermal annealing and device operation, leading to increased halide heterogeneity,
particularly on PEAl-treated surfaces (Figure 6C). Similarly, Sutanto et al. reported that prolonged thermal annealing
(50°C for >2 hours) of 2D/3D perovskites based on 2-thiophene methylammonium iodide (TMAI) on
(CsMAFA)Pb(I,Br); induces continuous 2D-phase structural evolution, with a gradual shift toward high-n phases (n >
2) and overall phase degradation.'® Consistently, as shown in Figure 6D, atomic force microscopy-based infrared
spectroscopy (AFM-IR) and X-ray photoelectron spectroscopy (XPS) spectra reveal a pronounced increase in FA*
signals on the surface of the PEAI-based 3D/2D perovskite heterostructure after thermal aging (100°C, 120 minutes).'7
This observation indicates upward diffusion of FA* ions and a transformation of the 2D perovskite into a more 3D-like
phase, thereby compromising the structural and electronic advantages of the 2D interlayer. Collectively, these results
highlight that ion migration-induced interfacial and structural instability plays a critical role in the degradation of 2D/3D
hetero-interface, underscoring the importance of maintaining the structural integrity of the 2D capping layer for long-
term operational stability.

15


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee07642k

Page 17 of 60 Energy & Environmental Science

Open Access Article. Published on 28 April 2026. Downloaded on 6/10/2026 3:24:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Ion Migration and Accumulation (1) Ion Accumulation at the Perovskite/CTL Interface

T T T T T T T T T T e I
A | Increasing light stress over time ! B 15-sun View Article Online !

1 .
: Lo DOI: 10.1039/%EE'U?§§'ZK !
= o) B _— :
: . : = w
i E 2 1 { g1 S N\ T rl
: Aligned = ,5 ‘\ i £ “Lnn vBM 1
! b3 1‘ ! WBG perovskite = £ : { !
) VB VB 100 200 %0 400 C H :
: Time (Hours) ; : 1
: ] ; : 600 700 800 !
: 1 ! Wavelength (nm) \
1] ome B b !
E g ! ! 15-sun (
' ve & 100 200 350 %0 %0 | =0 ’—m _ \ G n::-:\—- 1
: ve Time (Hours) - 1 g 3 [ { " ;
' | t £ ; e A ]
: | : E I Ea 1
1 & i
; " N | WBG perovskite | £ / fooo e
1 Barrier 3 Lo \ :
1 H I H 4 il
i - oo _ NOSAM \ :
1 n 100 200 300 400 500 | ' ITO J R L
! | ' 1
i i !

Time (Hours)

.‘PbK‘(xﬂ‘Br) ®:FA,MA Cs

L 1
E i) : PEAI, OABr, DAl :
1 i
E PN 1.0 gi
| 9900060009000 -2 34
i 9.00.0.90.0.0.0: ’g‘ 4 O o nii
i > 2922 5 E =
: ] @1
T Do o [=N]
! i) A =2 & x|
i = &
: = =Y
D 0660999906004 Sa g
] ACACATATASASASASASATASA A 2:
e i <,
! iii) M\ M\ B Q=
i ) " “ 684 686 688 690 684 686 688 690 !
! .“m”“ d Binding energy (eV) !
! 000000 :

i

Figure 6. Ion Accumulation and Migration. (A) Minimalistic scheme of charge density and mobile ions under light stress at the
HTL/perovskite interface when their VBMs are aligned, in offset or in barrier, and smoothed normalized MPPT of 1.69 eV devices
under AM1.5G.8! Copyright 2024, Cell Press. (B) PL spectra of 1.77 eV devices for photostability study under open-circuit
and short-circuit conditions.!”® Copyright 2023, Nature Publishing Group. (C) Schematics of the evolution of the interface treated
with bulky cations upon annealing: i) Formation of an organic overlayer; ii) bulky cation diffusion and RP phase formation; iii) RP
reconstruction.!’® Copyright 2022, Wiley-VCH. (D) (Di) Cross-sectional SEM images of 3D/2D perovskite heterostructures. (Dii)
AFM-IR (recorded at 1712 cm’ corresponding to the symmetric C=NH," bending of FA*) images of 3D/2D perovskite
heterostructures before and after ageing at 100°C for 120 minutes. (Diii) XPS depth profiling of 3D/2D perovskite heterostructures
before and after ageing.!’* Copyright 2023, Nature Publishing Group.
2.2.4 Interfacial Stress and Mechanical Delamination

Strain has emerged as a critical factor influencing the structural and chemical stability of perovskite materials
across multiple length scales. At the macroscale, residual stress is frequently introduced during thermal annealing due
to higher coefficients of thermal expansion of the perovskite compared with underlying charge transport layers (e.g.,
HTL in p-i-n structures) (Figure 7A).!7” Perovskite layers are inherently prone to volumetric expansion, which induces
tensile strain that is highly concentrated at the interfaces. For one thing, the tensile strain drives vacancy formation,
promotes halide segregation, accelerates ion migration and phase transitions, ultimately resulting in perovskite
decomposition when exposed to external stress.!”” 78 For example, in FAPbI; and FA 75Cs, 2sPbls, strain has been shown
to convert shallow iodide vacancy (V;) defects into deep-level states.!” For another, the interface serves as a mechanical
weak point while interfacial stresses can cause the interfacial delamination, especially during thermal cycling (Figure
7B and 7C). For inverted PSCs, interface delamination is further aggravated when perovskite films are deposited on
hydrophobic layers such as PTAA due to weak interfacial adhesion.” For flexible inverted PSCs, beyond cracking and
delamination, mechanical deformation can also induce buckling and wrinkling within the perovskite layer, creating
localized regions of high strain that further amplify the risk of mechanical breakdown. '8

Mechanical robustness has been identified as a central obstacle to the commercialization of PSCs, and much of this
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vulnerability stems from the use of fullerene-based ETLs. Fullerenes such as C4y and PCBM are characterized by weak
intramolecular cohesion and poor interfacial adhesion to neighboring layers, owing to their van der Waals-dominated
interactions.’® % This renders them susceptible to both interfacial delamination at the perovsklteDgr‘lﬁlo%gﬂéﬁg%gge
interfaces and cohesive fracture within the fullerene layer itself, consistent with their low intermolecular bonding energy
(~0.44 eV). Rolston and colleagues investigated the interfacial adhesive fracture energy (G.) of inverted PSCs and found
that cracks predominantly propagated cohesively within the charge transport layers, particularly the Cs layer,
highlighting it as a mechanically vulnerable component in the p-i-n architecture.”® Notably, the interface between Cg
and tin oxide (SnOy) in tandem devices exhibits exceptionally low fracture energy, facilitating delamination and crack
propagation. This fragility becomes even more problematic during module integration processes, such as cell cutting,
interconnection, and vacuum lamination.'®"> 82 In tandem photovoltaic architectures incorporating PSCs, the
accumulation of internal stress due to multilayer stacking further amplifies the risk of mechanical failure. As shown in
Figure 7D, fullerene-related delamination has been observed under the electron microscopy in small-area laboratory
cells and at the macroscopic scale during outdoor testing of perovskite modules, highlighting fullerene fragility as a
critical challenge for scaling perovskite photovoltaics.”® Given these considerations, interfacial delamination represents
a non-negligible reliability concern, and all layers and interfaces in PSCs must therefore comply with IEC 61646
standard qualification protocols (200 cycles from -40 to 85°C). Developing interfaces with high G. is essential to resist
crack propagation and delamination under stresses imposed during fabrication and service.

Interfacial Stress and Mechanical Delamination
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Figure 7. Interfacial Stress and Mechanical Delamination. (A) Coefficient of thermal expansion of commonly used TCOs,
perovskites and metaloxide-based ETLs and HTLs. (B) Illustration of the formation of compressive and tensile stresses in perovskite
films with weak and strong substrate adhesion.”® Copyright 2023, Nature Publishing Group. (C) Cross-sectional SEM images of the
PSC without SAMs tested for 757 hours showing morphological degradation at the ETL/MHP interface.”® Copyright 2021, Science
Press. (D) Fullerene-related delamination. (Di) Scanning electron microscope image demonstrating delamination between Cgo and
Sn0,.'82 Copyright 2022, American Chemical Society. (Dii) Photograph of modules under outdoor test at NREL with Cyy and a
proprietary, fullerene-free ETL.% Copyright 2025, American Chemical Society.
3. Interface Engineering Driven Stability Strategies
The current interface engineering includes: (i) Surface treatment through modulating the properties of perovskite
such as defect activity and surface energy-level. (ii) Specifically designed interface materials for stability enhancement

of perovskite absorber and interface.
17


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee07642k

Page 19 of 60 Energy & Environmental Science

Open Access Article. Published on 28 April 2026. Downloaded on 6/10/2026 3:24:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

3.1 Controllable Surface Reconstruction
3.1.1 Target Surface Passivation

Activities of iodide interstitials (I;) deteriorate device stability, as discussed above. The feas%)boi‘lzi%f.1%%79?%D fné)gr(g?}éi?n
correlates with the dissociation energy of I- from the perovskite lattice. Indeed, Huang and co-workers found that the
surface I binding energy on the perovskite termination surface is strengthened by Cd?*, which is introduced by surface
CdI, treatment.'®® This effectively increases the defect formation energy of I; and iodine vacancy (V) and thus their
density, contributing to greatly improved device stability. The product of I,, as result of the defect activities of I; can
initiate a series of instabilities in the perovskite. Therefore, preventing the reaction between I, and perovskite represents
another category of effective strategies to improve device stability. Yuan and co-workers introduced perfluorododecyl
iodide with strong affinity for I, into the perovskite, which preferentially captures the formed I, before it damages the
perovskite (Figure 8A).** As a result, the UV irradiation and thermo-photostability of devices have been improved by
more than tenfold, and the reverse bias stability improved by 1,000 times.

However, this strategy may encounter problems during the long-term operation of devices, as the additive could be
saturated with formed [,. Pointing at this issue, anthraquinone (AQ) additive, acting as a redox shuttle, convert I, back
to I upon formation, greatly improving the operational stability of WBG (1.81 eV) PSCs (Tys of 500 hours under MPPT,
ISOS-L-1), and perovskite/organic TSCs (To, of 500 hours under MPPT, ISOS-L-1).!84 Similarly, Ge at al. introduced
a multifunctional dye molecule (D358) that facilitates the reduction of I, to I and the oxidation of Pb® to Pb?*, thereby
effectively suppressing halide phase segregation.!®> The resultant WBG (1.77 eV) based devices retained 82.9% of their
initial PCE, while all-perovskite TSCs preserved 86.9% after 1,000 hours of MPPT (ISOS-L-11). These highlight the
critical role of redox-mediated electron shuttling in mitigating halide segregation in WBG perovskite.

B-site metal cations can undergo redox reactions under harsh aging conditions. In particular, Pb?>" can be reduced
to metallic Pb® under heat or illumination.!8¢ The formation of Pb? introduces deep-level defect states that severely
deteriorate both the performance and operational stability of PSCs. Passivating undercoordinated Pb** defects via Lewis
base coordination, analogous to V| passivation, has proven effective in enhancing device stability, and a wide range of
Lewis base molecules have been developed for this purpose.® 1061 187-190 [ jy et al. introduced a bimolecular passivation
approach by combining sulfur-functionalized methylthio molecules and diammonium species.® The former effectively
passivate undercoordinated Pb?* ions by robust coordination (Pb-S bonds) and hydrogen bonding, while the latter
enables field-effect passivation by electrostatically repelling minority carriers at the contact interface. This dual-
passivation strategy resulted in remarkable operational stability, with devices retaining performance for over 2,000 hours
at 65°C under ambient air. However, it was then identified that the formation of densely packed, electrically resistive
passivation layers perpendicular to the surface can hinder efficient charge extraction, thus limiting the fill factor of
inverted devices. To address this, they proposed a dual-site-binding with two neighboring Pb?* defect sites (Pb-O and
Pb-Cl bonds) in a planar ligand orientation by 4-chlorobenzenesulfonate (4CI-BZS). (Figure 8B).! The devices
achieved a Tys of 1,200 hours under MPPT at 65°C, underscoring the synergistic benefits of multi-functional ligand
design. Based on the study of iodide chemistry related to perovskite stability, research in our group has shown that
passivation of undercoordinated Pb defects can suppress the formation of detrimental I, , which serves as a defect
reservoir, using tri-n-octylphosphine oxide (TOPO) or polyethylene oxide (PEO).'?¢ This study further underscores the
critical importance of pinpointing the defects that most strongly impact light and thermal stability, and achieving precise
passivation of these defects to further improve the stability of inverted PSCs.

Undercoordinated Pb?" defects can be effectively passivated through n-n interactions, and host-guest chemistry
with supramolecular agents'*!-!%>. Moreover, the formation of protective layers can shield the perovskite from
environmental stressors, such as moisture and oxygen, thereby improving long-term device stability. A representative
example is crown ethers'>17, which form host-guest complexes with dangling Pb?* ions, suppressing the formation of
metallic Pb® on the surface of FA-rich perovskite films, reducing defect densities and suppressing ion migration. In
addition, porphyrin'?82% and heterocyclic aromatic compound'!- 2°- 202 introduce m-n stacking, forming ordered
networks to restrict undesirable molecular rearrangements that can lead to degradation under external stress. For instance,
a molecular bridge based on 2, 4, 6-tris(4-aminophenyl)-s-triazine (TAPT) was introduced to link PTAA and the
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perovskite.!” The amino groups form H-r interactions with PTAA, while the triazine core coordinates with Pb** by n-
Pb?* interactions, enabling efficient interfacial passivation. This dual interaction stabilizes the interface, suppressing
nonradiative recombination and ion migration, and significantly improves device stability, WithD‘%l‘:e1 gﬁ)gi;/ygxgggg%mg?g
89.7% of its initial efficiency after 1,500 hours of MPPT and 91.9% after 1,065 hours at 85°C.

On the other hand, the surface energy level of the perovskite absorber plays a decisive role in determining band
alignment and electron extraction at the perovskite/Cgo interface, which is often hindered by significant energy
mismatches and large electron transfer barriers. Ion and defect accumulation at this interface further undermines
interfacial stability, as discussed in section 2.2.3. Therefore, defect modulation has therefore emerged as an effective
strategy to tune surface energy levels and improve charge extraction. Building on this concept, a range of defect-
modulation approaches have been developed to facilitate interfacial charge extraction while simultaneously improving
stability.® 293205 For instance, facilitating the V| formation at the perovskite surface induces n-type doping near the
contact with Cg, thereby lowering the extraction barrier and improving the device stability.® Additionally, 1,4-
butanediamine surface treatment eliminates nonstoichiometric p-type defects caused by intrinsically lead deficiency at
the CsPblj; surface, thereby enabling more efficient electron extraction and enhanced long-term device stability.?** These
advancements underscore the pivotal role of tailoring surface defect chemistry in governing interfacial quality and,
consequently achieving precise passivation of these defects to further improve the stability of inverted PSCs.

3.1.2 Surface Polishing

Perovskite surface polishing using physical or chemical approaches has been demonstrated to effectively remove
surface defects. Huang et al. found that defective surface regions exhibit weaker mechanical strength compared to the
crystalline regions, allowing them to be selectively peeled away using adhesive tape (Figure 8C).2% The enhanced
photoluminescence intensity following mechanical polishing suggests suppressed nonradiative recombination due to the
elimination of defective surfaces. Consequently, tape-treated devices maintained 97.1% of their initial efficiency after
1,440 hours of light soaking (65°C, ISOS-L-2). Wet polishing by employing nanoscale abrasives suspended in a liquid
medium, has also been developed to polish the perovskite surface. This technique offers advantages of minimizing
friction between the perovskite surface and the polishing interface and facilitates the efficient removal of abraded
perovskite during the polishing, thereby mitigating surface scratching and enhancing the reproducibility. For example,
nano-polishing with an Al,O;/anisole dispersion of WBG perovskite (1.67 eV) removed the defect-rich crystal surface
while simultaneously passivating the newly exposed high-crystallinity surface with anisole (Figure 8D, Effect I).297
Elimination of the defective surface layer suppresses defect-assisted ion migration and thus halide segregation (Effect
D). Furthermore, the surface layer commonly has mismatched lattice with the bulk regions; and thus, surface nano
polishing helps to mitigate crystallinity inhomogeneity across the perovskite film and relieve residual strain (Effect III).
Additionally, nano-polishing preferentially removes defective I-rich species and leaves the surface to be Br-rich, due to
the stronger binding energy of Br- than I". The Br-rich phase could prevent the trapping of photogenerated charge carriers
in the grain bulk by forming a type-I heterojunction, which suppresses instability and energy loss initiated by defect
activities largely from the perovskite surface (Effect IV). The treated WBG perovskite-based devices retained 80% of
its initial efficiency after 1,505 hours of MPPT under 1-sun illumination.

The surface polishing strategy also has effect on enhancing the stability of Sn-based inverted PSCs. Zhou et al.
proposed a chemo-thermal surface de-doping strategy that substantially reduces Sn (IV) self-dopants on the surface of
Sn-based perovskites, thereby improving device stability.?® Building on this concept, a surface reconstruction strategy
was further developed by combining 6-maleimidohexanehydrazide trifluoroacetate (MHATFA) and isopropanol to post-
treat FASnl; films.?? The strongly electron-withdrawing trifluoromethyl (-CF3) moiety in MHATFA interacts with the
polar hydroxyl (-OH) groups of isopropanol solvent which otherwise damage the perovskite layer, effectively polishing
the defective surface. The surface refinement enhances structural uniformity and defect mitigation, enabling devices to
retain over 75% of their initial PCE after 1,000 hours of continuous illumination. Extending this concept to Sn-Pb
perovskites, Chen and co-workers reported a surface reconstruction strategy employing a surface polishing agent, 1,4-
butanediamine (BDA), combined with a surface passivator, EDAI,, which effectively eliminates Sn-related defects (Sn*")
and passivates organic cation vacancies (V,) and V; at the surface of Sn-Pb perovskite films.?!° The all-perovskite TSCs
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retained 79.7% of their initial PCE after 550 hours operated at MPPT in ambient air.
3.1.3 Surface Sulfidation

Treating the perovskite surface with sulfur-containing species induces the formation of compggfl%slg?%ﬁgg;ag‘ﬁzﬁ)4
or PbS through reactions with surface Pb atoms, which mitigates ion migration and fortifies the uppermost layer of the
perovskite film. The strong bonding between the inorganic layer and the perovskite surface yields a mechanically
durable coating. Fang and co-workers found that a stable perovskite heterojunction was formed by sulfidation of surface
Pb-rich perovskite films through pyridine-2-carboxylic lead (PbPyA;), and the formed PbS reinforces the underlying
perovskite structures (Figure 8E).?!! Devices with surface sulfidation retained over 90% of their initial efficiency for
2,200 hours after thermal aging at 85°C, or after 1,000 hours of MPPT at 55+5°C. Huang and co-workers demonstrated
that transforming lead halide perovskite surfaces into water-insoluble lead(Il) oxysalts via sulfate (APbX; + SO,> — A"
+ 3X- + PbSO,) or phosphate ion (3APbX; + 2P0, — 3A" + 9X- + Pb3(PO,),) treatment markedly enhances the stability
of the perovskite film.?!? The resultant devices maintained 96.8% of their initial PCE after 1,000 hours operated at MPPT
(65°C).

3.1.4 Amine Condensation Surface Reaction

An alternative approach involves leveraging the protonation reaction between the amine groups of surface-
treatment salts and the FA*' cations of the perovskite. Jiang et al. post-treated the perovskite surface with 3-
(aminomethyl)pyridine (3-APy) molecule which selectively reacts with FA™ ions.® The reaction products (MPyFA™)
achieve the polishing effect, leading to a perovskite surface with a more homogeneous potential. Meanwhile, the reduced
formation energy of V; induce the n-type surface doping, which is beneficial for interfacial electron extraction (Figure
8F). The resultant devices maintained 87% of their initial efficiency after more than 2,400 hours of operation at ~55°C
in air.

The protonated amine can also interact with halide-related defects. Xu et al. compared various configurations and
protonation states within the polyethylenimine (PEI) family as a proof of concept.?!® In addition to the conventional
physisorption and metal-chelation mechanisms, they identified a novel interaction mode between perovskite and PEI,
an in-situ protonation process. The protonation from -NH, to -NH;" enables stronger interfacial bonding with I- ions of
perovskite and promotes the ordering of the R-NH;* branches for more effective passivation. This process effectively
suppresses surface [; defects and outperforms conventional ex-situ protonated and non-protonated amino groups (-NH,).
The cells exhibit no degradation during accelerated aging tests at 85°C for >1,000 hours and operating at MPP for >
1,000 hours (ISOS-L-1).
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Figure 8. Controllable Surface Reconstruction. (A) (Ai) Illustration of C4y with non-directional iodine affinity and PFI with
directional iodine affinity, respectively. (Aii) Absorption reduction (at 600 nm) of FACs-PVK, FACs-PVK/Cg and FACs-
PVK/PFI/Cy films (without extrinsic I,) under ultraviolet light exposure (395 nm, 60 mW-cm?) at 85°C.** Copyright 2024, Nature
Publishing Group. (B) (Bi) Structure and electrostatic potential of 4C1-BZS ligands (left), atomic structures of ligand adsorbed in a
perpendicular orientation (middle), a planar or parallel orientation (right) on perovskite surface. (Bii) MPPT of encapsulated devices
under simulated 1-sun illumination (50% RH, 65°C).!° Copyright 2024, Science Press. (C) (Ci) Schematic of peeling an adhesive
tape off a MAPDI; film. (Cii) PL mapping of a MAPbI; film before (top) and after (bottom) tape treatment. (Ciii) Operational
stability of encapsulated devices.?°® Copyright 2020, Cell Press. (D) (Di) Cross-sectional TEM images of the device. (Dii) Schematic
diagram of the changes in perovskite film before and after nano-polishing treatment.?” Copyright 2024, Nature Publishing Group.
(E) (Ei) Schematic diagram of a surface sulfidation treatment. (Eii) MPPT of devices at 55+5°C. The inset shows photographs of
PSCs after MPPT.2!! Copyright 2022, Science Press. (F) (Fi) Condensation reaction scheme of FA* and 3-APy. (Fii) MPPT of
devices under 1-sun illumination at 55+2°C in air (40-60% RH).® Copyright 2022, Science Press.
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Table 1. Stability development of single-junction and tandem solar cells by controllable surface reconstruction.
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3.2 Constructing Robust Multi-Layered Interface
3.2.1 Functionalized Materials at the Perovskite/ETL Interface
Functionalized interfacial materials have been widely employed to regulate the chemical and electronic

environment at perovskite interfaces. At molecular level, these materials can passivate under-coordinated surface defects,

optimize interfacial band alignment, and suppress ion migration pathways. Organic ammonium layers are commonly

used at both hole- and electron-selective interfaces to enable high-efficiency PSCs; however, their limited photothermal

stability often compromises long-term device operation. Therefore, developing more robust organic functional layers or

incorporating inorganic interfacial materials has emerged as an effective strategy to improve the operational stability of

inverted PSCs.

Some inorganic salts can react with the perovskite surface to enhance carrier extraction while acting as a buffer

layer that prevents the ingression of moisture, oxygen, and other harmful species. In one example, an ultrathin

magnesium fluoride (MgF, ) interlayer at the perovskite/Cy interface not only mitigates gap state-assisted recombination

caused by Cg, but also promotes favorable band alignment for efficient electron extraction.’® The resulting perovskite-
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silicon TSCs retained approximately 95% of its initial efficiency after 1,000 hours following damp-heat testing (85°C,
85% RH; ISOS-D-3). More recently, ALD-Hafnium oxide (HfO,) interlayers stabilize double interfaces under
operational stress (Figure 9A).!* At the NiO,/SAM interface, a hydroxyl-rich, Lewis-acidic n_lgof\(;)fb .}g}%%/;}ggg%lgfs
tridentate phosphonic acid coordination, improving SAM retention and thermal stability. At the perovskite/Cy, interface,
a p-HfOy layer anchors 3-fluorophenylethylammonium iodide (3F-PEAI) through Hf---F interactions while serving as
a barrier against I and Ag* ions diffusion. As a result, the devices achieved a PCE of 27.1% (26.6% certified) and
retained over 90% of their initial efficiency after 5,000 hours of MPPT in ambient air (85°C, 50% RH; ISOS-L-3). This
inorganic oxide-constrained architecture offers a promising pathway toward achieving the decades-long operational
lifetimes required for the real-world deployment of perovskite modules.

By leveraging the unique characteristics of inorganic 2D monolayers, including dangling-bond-free surfaces,
atomic thickness, and continuous planar morphology, enables efficient and stable PSCs and establishes a versatile
platform for heterojunction engineering between 2D materials and soft-lattice optoelectronic materials. Along this line,
Zhou and co-workers introduced wafer-scale TMDC monolayers (e.g., MoS, and WS,, atomic thickness, < 1 nm) at
perovskite interface, which form strong interfacial Pb-S bonding to passivate defects and stabilize a-FAPbI;, act as an
effective barriers against ion migration and environmental ingress, and block the minority carriers through a type-I band
alignment (Figure 9B).!? The inverted PSCs with a MoS,/FAPbI;/MoS,; structure demonstrated a Tos lifetime exceeding
1,200 hours under the damp-heat test (85°C, 85% RH; ISOS-D-3), and showed almost no efficiency loss after 2,000
hours of MPPT. The device also exhibited excellent operational stability at high temperatures, maintaining over 96% of
its initial efficiency after 1,200 hours of MPPT at 85°C (ISOS-L-2).

Metal-organic compounds, particularly ferrocene (Fc)-based derivatives, have emerged as versatile interfacial
modifiers in PSCs. These materials not only form chemical bonds to strengthen the perovskite lattice but also adjust
electrical properties, such as surface work function and band alignment for facilitating electron extraction at the
perovskite/ETL  interface. An organometallic compound, ferrocenyl-bis-thiophene-2-carboxylate (FcTc2)
functionalized the perovskite/Cy, interface, which not only forms strong Pb-O coordination bonds to passivate surface
trap states but also facilitates interfacial electron transfer through the electron-rich, delocalized ferrocene units.?'® The
resultant devices retained over 98% of their initial efficiency after more than 1,500 hours of continuous illumination and
demonstrated excellent stability under damp-heat conditions (85°C, 85% RH; ISOS-D-3), meeting the international
standards for silicon solar cells (Figure 9C). Ferrocenyl tetraphenylporphyrin cobalt (FcTTPc), with inherent
carboxylate and thiophene functionalities surrounding the central ferrocene motif, forms strong coordination interactions
with the perovskite/PCBM interface through its conjugated framework and electron-rich sites.?!” The carboxylate (C=0)
and thiophene (C-S) groups in FcTTPc interact strongly with undercoordinated Pb?" ions, effectively passivating
interfacial defects. Additionally, the thiophene moiety forms strong m-n interactions with ETL, promoting efficient
interfacial electron transport. Consequently, devices retained 94% of their initial efficiency after 1,000 hours of MPPT
(in Np).

Dipole interlayers can passivate surface defects and modulate the electronic properties at the perovskite/Cq
interface, thereby improving interfacial contact and stability through both chemical and field-effect passivation. These
effects originate from changes in surface energy levels and work function induced by the intrinsic dipoles of the ligands
and the interfacial dipoles formed upon binding to the perovskite surface.?!® Typical examples include commonly used
post-treatment agents such as EDAI, and PDALI,.!33:210. 219222 Their interaction with the perovskite surface increases the
majority carrier concentration at the electron-selective contact, thereby reducing interfacial recombination. Meanwhile,
the resulting field-effect passivation enhances electron concentration throughout the intrinsic perovskite absorber,
improving conductivity and reducing carrier transport losses. Perovskite/silicon TSCs incorporating a PDAI dipole layer
which increased the majority charge carriers and reduced interfacial recombination at the perovskite/Cg interface were
further evaluated under outdoor stability conditions combined with damp-heat testing (85°C, 85% RH; ISOS-D-3) for
1,000 hours. The target devices exhibited improved resistance to FF and V. losses, retaining 83.4% of their initial PCE,
compared with 73.7% for the control devices.!?* Li et al. also introduced sodium heptafluorobutyrate (SHF) to
functionalize the electron-selective contact.” The SHF layer forms a hydrophobic barrier while passivating surface
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defects. Its dipole moment induces carrier redistribution and adjusts the perovskite surface work function for facilitating
electron extraction. During Cgo deposition, SHF promotes dense and uniform Cg, stacking, suppressing ion diffusion
within the device. This regulation suppresses Cgy aggregation on hydrophilic perovskite surfa%%‘:?g?ggfé%rgg%%fggn
coverage and improved interfacial stability. The devices achieved a PCE of 27.02%, along with no degradation after
1,200 hours of MPPT (ISOS-L-1). Devices also demonstrate exceptional thermal stability, retaining 92% of their initial
PCE after ageing at 85°C for 1,800 hours (ISOS-D-2) and 94% after 200 thermal cycles between -40°C and +85°C
(ISOS-T-3).

Functional polymer passivation layers are advantageous for achieving durable defect passivation under operational
conditions, owing to their bulky, long-range-ordered structures and multiple anchoring sites. Polymers incorporating
functional groups such as carbonyl, amino, pyridine, thiophene, and cyano can strongly interact with perovskite through
coordination bonding, effectively reducing surface defect densities.!”® A self-assembled monolayer of amphiphilic silane
(AS) molecules serves as a “molecular glue” to strengthen adhesion toughness of ITO/perovskite/Cg interface.??? Strong
Si-O bonds formed through silanization anchor the molecules to the TCO surface, while the amino group (-NH,) groups
chemically interact with Cg, thereby reinforcing interfacial bonding. The fully printed devices showed no performance
degradation after being stored under ambient conditions for more than 3,000 hours. More recently, the mechanical
properties of perovskite films were strengthened by incorporating a polymer-coupled monolithic single-layer graphene
interface (Figure 9D).2>* Benefiting from graphene’s mechanical strength and the polymer coupling effect, this structure
suppresses photoinduced lattice expansion from 0.31% to 0.08%, and mitigating expansion-induced damage near grain
boundaries. In addition, the interlayer acts as a physical barrier that limits the lateral diffusion of mobile species, thereby
protecting the underlying perovskite film. As a result, the devices demonstrated excellent stability, retaining over 97%
of their initial PCE after more than 3,670 hours of MPPT at 90°C.

3.2.2 Functionalized Materials at the HTL/Perovskite Interface

Suppressing interfacial reactions while maintaining efficient hole extraction is critical for stabilizing the
HTL/perovskite interface. Nanocomposite interfacial layers have emerged as an effective strategy, as they can
simultaneously enable defect passivation, facilitate charge transport, and provide structural protection at the
HTL/perovskite interface. A physical passivation technique involves generating fixed charges using ALD-deposited
aluminum oxide nanoparticles (Al,0;, which carry negative fixed charges) at the perovskite/NiOy interface.??® This fixed
charge passivation modifies the carrier concentration distribution near the heterojunctions, thereby facilitating hole
extraction and reducing interfacial recombination. Moreover, the strong acidity of Al,O; nanoparticles protects the
perovskite from deprotonation by NiOy at elevated temperatures. The encapsulated devices, operated at MPP, show
almost no efficiency loss after ageing under continuous illumination for 2,000 hours (85°C, air). Furthermore, the
incorporation of an amorphous-crystalline silicon nitride (CS-SizN,;) nanocomposite at the HTL/perovskite interface
stabilizes large-area perovskite modules (1,252 cm?), enabling stable power output for over six months of outdoor
operation.??® The nano-cacher effectively mitigates charge accumulation and disrupts the self-reinforcing cycle of
degradation. Specifically, the amorphous shell passivates surface defects due to its low density of dangling bonds, while
the crystalline core mitigates defect evolution (I;* + e = [;°) by trapping accumulated charge carriers during operation
(Figure 9E). This charge trapping strengthens the internal electric field for charge extraction and suppressing defect
evolution caused by carrier accumulation.

Lewis-base functional groups can functionalize the HTL/perovskite interface layer to passivate undercoordinated
metal cations defects at the HTL/perovskite interface. For example, a mercapto-functionalized mesoporous silica
layer was introduced as a superstructure at the PEDOT:PSS/NBG perovskite interface. The chelating interaction
between the functionalized sulthydryl (-SH) group and metal cations, i.e., Sn>* and Pb?*, suppresses the I- ion migration
and Sn?* oxidation, thus suppressing the formation of I, and Sn** defects.*’ The all-perovskite TSCs maintained 90% of
their initial efficiency after 445 hours of MPPT (ISOS-L-11). 1,3-bis(diphenylphosphino)propane (DPPP), a diphosphine
Lewis base, can passivate the undercoordinated Pb?*, and bridge the HTL/perovskite interfaces and grain boundaries of
the perovskite absorber (Figure 9F).?2” The devices showed a PCE slightly higher than their initial PCE after MPPT
over 3,500 hours at room temperature and maintained ~90% of their initial PCE after 1,500 hours of thermal stress test

24


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee07642k

Open Access Article. Published on 28 April 2026. Downloaded on 6/10/2026 3:24:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science Page 26 of 60

(85°C; ISOS-D-2).

The introduced polymers can also act as both a mechanical buffer and a chemical stabilizer at the HTL/perovskite
interface. Their viscous nature helps to absorb and dissipate optical and thermal stresses that tggi(iglll 3%@3?&6
HTL/perovskite interface during device operation.??8-23 Hou et al. introduced a cohesive guanidine polymer where the
guanidine motifs chemically bridge the perovskite/substrate layers, as macromolecular glue, effectively restricting the
interfacial ion migration and morphology variation under environmental stresses.??® This mechanical strengthening of
the HTL/perovskite interface, enabled the devices with a Ty, lifetime exceeding 1,630 hours of MPPT at 55°C.

3.2.3 Controllable 2D Perovskite Engineering the Perovskite/CTL Interface

The integration of two-dimensional (2D) perovskites as interfacial layers has emerged as a powerful strategy to
enhance the light and thermal stability of inverted PSCs. Compared with their 3D counterparts, 2D perovskites exhibit
suppressed ion migration in both lateral and vertical directions, primarily due to their lower intrinsic defect density (e.g.,
reduced vacancy concentration) and the steric hindrance imposed by the bulky organic spacer layers, which restrict ion
migration pathways. Notably, the microstructural and phase heterogeneities of 2D perovskite passivators can influence
their passivation efficiencies and durability of passivation efficiencies.

A key parameter in 2D perovskites is the dimensionality factor-n, which represents the number of inorganic layers
per structural unit and critically governs the environmental stability. It has also been demonstrated that the activation
energy for halide exchange reactions increases with decreasing n-value, indicating that lower-n phases offer stronger
resistance to halide ion migration and compositional redistribution.”?! However, the random orientation of the
spontaneously formed 2D phase atop the pre-deposited 3D perovskite film can deteriorate charge extraction owing to
energetic disorder, limiting the maximum achievable PCE and long-term stability of inverted devices. To address this
issue, current strategies focus on optimizing the thickness and orientation of the 2D passivation layer to avoid excessive
transport barriers, engineering quasi-2D phases with controlled n-value distributions, and tailoring energy-level
alignment to minimize interfacial resistance.

Phase-pure 2D perovskites employed as surface passivation layers form well-defined quantum-well architectures
with a relatively uniform interfacial energy landscape.?? In this configuration, inorganic slabs are uniformly
encapsulated by organic spacer layers, which effectively mitigate environmental attack and ion migration, thereby
enhancing interfacial robustness and operational stability. To further optimize these interfacial structures, a range of
molecular engineering have been developed, including rational ligand structural design, such as conjugation extension
and steric modulation?*3-23¢, as well as tailoring coordination interactions (e.g., ligand-ligand and ligand-solvent
interactions)?*”2% to regulate the interfacial assembly of 2D perovskite layers. For example, a surface-confined phase-
pure 2D passivation layer was achieved by a dual-ligand co-deposition approach. The preferential adsorption of bulky
3,6-dimethyl-carbazole-9-ethylammonium iodide regulates the reaction between m-fluorophenylethylammonium iodide
(mFPEAI) and the perovskite surface, leading to a 2D layer with a narrower quantum-well distribution (n=1) and more
homogeneous energy landscape. The dual-ligand modulated 2D perovskite layer endowed the devices with superior
operational stability (T¢o> 1,000 hours) and enhanced thermal robustness, compared with single mFPEAI passivation
with a disordered n-phase distribution and shorter device lifetime (Tgo = 500 hours).?’

Another direction aims at refining post-treatment processing (e.g. solvent, annealing temperature) and rational
ligand design. A meta-amidinopyridine ligand and a solvent post-dripping step were introduced to generate a highly
ordered 2D perovskite phase (n=1) on the surface of 3D perovskite.?*® The MAP ligand, featuring an asymmetric
structure and a strong dipole moment, induces the reorientation of 2D domains from random to ordered alignment during
the multiple isopropanol (IPA)-dripping process. Meanwhile, the multiple post-dripping redissolved the unreacted MAP
ligand in IPA and thus facilitated the reconversion to 2D perovskites with a preferable parallel orientation (Figure 9G).
Devices based on the reconstructed 2D/3D perovskite maintained 82% and 75% of their initial PCE after 1,000 hours
and 840 hours under damp-heat (85°C, 85% RH; ISOS-D-3) and outdoor tests. Additionally, the incorporation of
heteroatoms (e.g., O, S, N, F, Cl, Br, I) into bulky A-site organic cations introduce additional non-covalent interactions,
including hydrogen bonding, halogen bonding, and S-S interactions. These interactions reinforce lattice cohesion and
modulate interlayer coupling, thereby governing the phase distribution and crystallographic orientation of the surface
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2D perovskite domains.?*!- 242 Liu et al. developed the morpholine hydriodide (MORI) and thiomorpholine hydriodide
(SMORI) to modify the perovskite surface by introducing O or S to replace N in the piperazinium iodide (PI) molecule.
The 1D perovskite capping layer (with PI) is transformed into a 2D perovskite capping layer (witthg/‘I:?ol% %%%‘g‘c%%ﬁn
= 1), which achieved more robust surface passivation and stronger n-N homotype 2D/3D heterojunctions for facilitating
charge transport. SMORI-based devices maintained over 87.6% of their initial efficiency while PI-based devices
dropped to ~63.3% of initial efficiency after 1,500 hours of MPPT (45°C).?3*

Despite the significantly advanced performance and stability of devices, some issues still exist in the 2D/3D
heterointerface, primarily arising from ionic diffusion and intrinsic instability of organic ammonium ligands. Ionic
diffusion between the surface 2D perovskite and the underlying 3D perovskite leads to the structural dimensionality
transformations under light or heat.!” Strategies to suppress cation diffusion in 2D-3D perovskites include: (1)
establishing molecular bridging at the 2D/3D interface to enhance interfacial cohesion!’ 243-247; (2) leveraging
intermolecular interactions between dual organic ammonium ligands to impose steric confinement?*$2%%; and (3)
engineering the functional groups of 2D cations to strengthen binding and reduce ion mobility?’!. For example, Li et al.
introduced a cross-linked polymer (CLP) interlayer atop the 3D perovskite, followed by the deposition of a 2D
perovskite layer using a vapor-assisted two-step process, thereby forming a robust 3D/CLP/2D heterostructure.'’* More
recently, Zhou et al. incorporated a PCBM molecular interlayer to modulate the interfacial reaction between the 2D
passivation layer and the underlying perovskite.?** This strategy enables the formation of a uniform, phase-pure 2D
perovskite capping layer (n =1 and 2). The resulting devices exhibited a laminated heterointerface on the electron-
extracting side, which enhances charge extraction dynamics through favorable band alignment while simultaneously
improving film stability via structural protection. Benefiting from this engineered interface, the devices achieve Ty
operational lifetimes exceeding 1,000 hours under both damp-heat (85°C, 85% RH; ISOS-D-3) and MPPT in N,. This
research provides an innovative solution to the instability issues associated with conventional ammonium salts surface-
treatment.

In parallel, the chemical instability of conventional ammonium ligands, particularly their tendency to deprotonate
into amines under thermal and illumination stress, further limits device durability.” 3 Huang et al. introduced
ammonium cations with a high acid dissociation constant (pK,), such as PEAMA* (pK, = 12.0) and BAMA* (pK, =
12.0), to replace conventional PEA* or BA" for passivation, offering enhanced resistance to further deprotonation.'®
Consequently, PSCs incorporating the PEAMA* demonstrated the remarkable stability, retaining over 90% of their
initial efficiency after 1,500 hours of continuous illumination at open-circuit conditions and 90°C. Sargent’s group
explored nonreactive ammonium ligands for perovskite passivation, systematically varying ligand structures (Figure
9H).° They found that fluorinated aniliniums effectively passivate interfaces while minimizing reactivity. Encapsulated
devices achieved a Tgs lifetime of 1,560 hours of MPPT (85°C, 50% RH; ISOS-L-3). Building further upon these insights,
Yang et al. addressed the intrinsic instability of conventional ammonium ligands, which are prone to deprotonation
under prolonged thermal and light exposure.!' They developed a library of amidinium-based ligands, leveraging their
resonance-stabilized structures and strengthened N-H bonds to enhance thermal robustness. The optimized devices
exhibited exceptional thermal durability, achieving a Ty, lifetime of 1,100 hours of MPPT (85°C, 50% RH; ISOS-L-3).
In addition, leveraging intermolecular interactions provides an alternative route to suppress ion migration. For instance,
methylammonium (MA™) was employed to disrupt intermolecular interactions between ethylenediammonium (EDA?")
and formamidinium (FA™) during solution post-treatment, thereby directing the selective formation of a well-defined n
= 3 Dion-Jacobson (D-J) surface heterostructure, and enabling modules to retain over 90% of their initial efficiency
after >1,000 hours of outdoor operation.?>? Collectively, these results highlight that stabilizing the 2D/3D heterointerface
requires simultaneous control over ion diffusion and ligand chemical stability. Future strategies should further suppress
ligand intercalation and structural evolution under thermal stress to achieve long-term durability.

2D perovskite layer is also introduced at the HTL/perovskite interface for stability improvement. Chen et al.
systematically investigated bottom interface modification in inverted PSCs using three types of 2D spacers: Ruddlesden-
Popper (RP), Dion-Jacobson (DJ), and strong passivation spacers (ACI).?* The performance enhancement was
attributed to the formation of 2D/3D heterojunctions, where the cascade valence band alignment promotes hole
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extraction, and the electron back-scattering field suppresses interfacial recombination. The unencapsulated devices
retained 90% of their initial efficiency after 30 days under ambient conditions (30 £ 5% RH). Incorporating bottom-up
2D/3D heterostructures through doping 4-hydroxybenzylamine (HBzA) into the perovskite prgg}}{g%;g/%gg%igg%gbﬁly
improved the device stability, maintaining performance under damp-heat conditions (85°C, 85% RH; ISOS-D-3).2%
However, achieving solution-processed HTL/perovskite heterostructures remains challenging due to solvent
incompatibilities, which disrupt the underlying layer and cause texture incompatibilities and resulting in incomplete
coverage on rough substrates. Alex et al. developed a hybrid two-step deposition method to form robust 2D perovskite
layers with cross-linkable ligands beneath the 3D perovskite layers.?>> This structurally coherent interlayer promotes
strain-free and uniform growth of the upper perovskite, suppresses interfacial defect-induced instability and
recombination, and enhances charge extraction through ideal energy-level alignment. Perovskite/silicon TSCs based on
industrially textured Czochralski (CZ) silicon retain 89% of their initial efficiency after more than 1,000 hours of

operation (65°C, 60% RH; ISOS-L-3).
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Constructing Robust Multi-Layered Interface (1) Functionalized Interface Materials at the Perovskite/ETL Interface
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Figure 9. Constructing Robust Multi-Layered Interface. (A) (Ai) Device architecture with multifunctional HfO, integration, and

HR-TEM images of p-HfO, and n-HfO, films; the sample structure is FTO/p- or n-HfO, (15 nm; 150 ALD cycles)/Au (5 nm). (Aii)

MPPT of devices under 1-sun illumination in ambient air (85°C, 50% RH).!* Copyright 2026, Science Press. (B) (Bi) Schematic

diagram of the transfer process of the MoS, film. (Bii) Photographs of the MoS, films transferred onto the surfaces of PTAA and

perovskite. (Biii) MPPT of encapsulated devices under AM 1.5G illumination at 85°C in ambient atmosphere.'? Copyright 2025,

Science Press. (C) (Ci) Schematic illustration of inverted PSC based on FcTc, as the interface functionalization material. (Cii)
28
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Encapsulated devices stored in 85% RH and 85°C (ISOS-D-3).21¢ Copyright 2025, Science Press. (D) (Di) The alterations in the
perovskite lattice structure induced by light radiation exposure and schematic diagram of the transfer process of monolayer graphene
to the perovskite film surface. (Dii) Long-term operational stability of devices with various interfacial structures (MBRE;90°G)2%*
Copyright 2025, Science Press. (E) Schematic illustration of the defect evolution.?2¢ Copyright 2026, Nature Pué?lls%iigséggﬁ%42{F)
(Fi) Two perovskite slabs and perovskite and NiOy substrate through chemical-bond formation between P and Pb or Ni atoms in a
Lewis acid-base reaction. (Fii) MPPT of devices measured under continuous 1-sun illumination in an N, at 40°C.227 Copyright 2023,
Science Press. (G) (Gi) Schematic illustrating the reorientation of the 2D-MAP perovskite during and after the post-dripping process.

(Gii) Outdoor stability of a 2D-MAP-ordered device. The outdoor stability measurements were conducted on the KAUST campus

Page 30 of 60

g
é in Thuwal, Kingdom of Saudi Arabia, from December 2023 to January 2024 for 35 days.2* Copyright 2025, Nature Publishing
Tgl Group. (H) (Hi) Schematic depiction of the model of ammonium ligand and perovskite interactions. (Hii) MPPT of encapsulated
g control, PEA, and 345FAn devices performed using ITO substrates (85°C, ~50% RH, 0.8-sun illumination).” Copyright 2023,
3 Science Press.
[32]
. ® Table 2. Stability development of single-junction and tandem solar cells by constructing robust multi-layered interface.
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interface

3.3 Rational Design of Self-assembled Monolayers (SAMs)
Self-assembled monolayers (SAMs) are central to improving the chemical, thermal, and mechanical stability of

inverted PSCs, as they define the properties of the buried interface. However, structural degradation or desorption

within the SAM layer, as well as interfacial evolution at the SAM/perovskite junction, can progressively destabilize

this interface, leading to leakage currents, enhanced non-radiative recombination, and device deterioration. The inferior

wettability and anchoring variation also amplify device-to-device inconsistencies. To address these challenges, stability

engineering of SAM-based buried interfaces can be systematically approached from four key aspects: (i) Designing

intrinsically stable SAM molecules with robust chemical backbones and improved resistance to thermal and photo-
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induced degradation; (ii) Strengthening SAM anchoring on MO substrates to mitigate desorption and ensure durable
interfacial bonding; (iii) Enhancing the surface wettability of SAM-modified substrates to promote uniform perovskite
deposition; (iv) Minimizing defective sites at the buried interface through defect passivation an(g Oe‘}?g‘g%ggi&rm;ﬁre
optimization. Moving forward, further optimization of SAM, particularly regarding molecular ordering control, and
compatibility with large-area processing, will be required to ensure reproducible interfacial properties and long-term
operational stability, thereby facilitating scalable manufacturing.

3.3.1 Designing Intrinsically Stable SAMs

Weak intermolecular interactions of SAMs are easily disrupted under thermal and light stress, resulting in
disordered packing that reduces both the dipole moment and hole-transport efficiency.?** Therefore, achieving a balance
between facile processability and robust molecular ordering requires the deliberate design of both the linker and terminal
groups of SAMs molecules. Building upon prototypical SAMs such as 2PACz, MeO-2PACz, and Me-4PACz,
researchers have progressively developed a broader library of tailored SAMs, enabling more stable and efficient inverted
PSCs. Mainstream SAM design strategies, such as m-expansion, conjugated linkers, and ring condensation, enhance
conjugation and electron delocalization, thereby improving conductivity and interfacial stability.

Dibenzo[c,g]carbazole (DBC) moiety features a non-coplanar screw-shaped configuration arising from steric
repulsion between terminal aromatic rings. This n-expansion structural feature effectively hinders molecular aggregation
and enhances the solubility of SAMs.?%5 Building on this structural advantage, Jen et al. designed two novel HTMs,
CbzPh ((4-(7H-benzo[c]carbazol-7-yl)butyl)phosphonic acid) and CbzNaph ([4-(7H-dibenzo[c,g]carbazol-7-
yl)butyl]phosphonic acid), by modifying the carbazole core of 4PACz with asymmetric or helical n-expansion.?®® The
helical m-expanded CbzNaph exhibited a pronounced molecular dipole (2.41 D), a well-aligned HOMO level, and
compact n-n stacking, promoting the formation of a compact and ordered monolayer. Devices incorporating CbzNaph
demonstrated significantly superior performance compared with those based on CbzPh and 4PACz. Almost
simultaneously, Zhao et al. introduced CbzNaph (they denoted as 4PADCB) in WBG (1.77 eV) sub-cell of all-perovskite
TSCs.27 Incorporation of 4PADCB improved SAMs coverage and orderliness, thereby accelerating hole extraction and
suppressing nonradiative recombination (Figure 10A). The monolithic all-perovskite TSCs (aperture area of 1.044 cm?)
retained 80% of their initial efficiency after 415 hours of MPPT, markedly outperforming counterparts based on PTAA
and 4PACz.

Another design strategy involves introducing a conjugated phenyl linker between the carbazole unit and the
anchoring group, thereby improving the charge transport while stabilizing the arylamine moiety through electron
delocalization.?%%-27% For example, compared with the conventional MeO-2PACz, which contains a flexible alkyl linker,
the newly designed molecule 2-(3,6-dimethoxy-9H-carbazol-9-yl)phenyl cyanoacetic acid (Cz-CA) exhibits extended
conjugation, with both the HOMO and LUMO delocalized across the linkage group.?¢® This enhanced conjugation not
only facilitates charge transfer but also improves photochemical robustness under light soaking. After 12 hours of light
soaking, the UV-vis absorption peak of MeO-2PACz (around 370 nm) decreased by more than 30%, accompanied by a
color change from transparent to light yellow, indicating molecular degradation. In contrast, Cz-CA maintained nearly
unchanged absorption intensity under the same conditions. Consistently, devices based on MPA-Ph-CA retained over
95% of their initial PCE after 800 hours of MPPT, highlighting the critical role of conjugated linker engineering in
enhancing both molecular durability and operational stability.

However, excessive conjugation often induces molecular stacking, which compromises film uniformity in large-
area solution processing. Donor-acceptor (D-A) molecular engineering offers an effective strategy to regulate electronic
structure while mitigating excessive n-x stacking.?* For example, a light-stable donor-acceptor interface was constructed
using an asymmetric carbazole-based SAM (BrAs) and N-hydroxyethyl phthalimide (PIE).>* The single-sided electron-
withdrawing bromine in BrAs preserves wettability and reduces the valence band offset. Meanwhile, the asymmetric
dipole reorients carbazole units and strengthens short-range Coulomb interactions, enabling densely packed and uniform
SAM coverage for efficient carrier transport. The devices retained over 95% of their initial efficiency after 1,500 hours
of illumination (65°C; ISOS-L-2). Building on this concept of electronic structure regulation, stable open-shell diradicals
offer an alternative strategy.?”!->”3 Their unpaired electrons increase carrier density and create favorable orbital energies,
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thereby overcoming poor conductivity. Bulky steric groups further stabilize the radicals, ensuring molecular robustness
and solution processability. Qin et al. developed open-shell diradical SAMs using a coplanar D-A design.?”? As shown
in Figure 10B, strong D-A interactions and planar conjugation enabled efficient diradical generatliD%IE f%)%%s@%?&%%%ﬁi%’
Additional steric hindrance further improved stability and solution processability. The device maintained 97% of its
initial efficiency after 2,000 hours of MPPT at 45°C.

Incorporating fused-ring structures with heteroatom substitutions as terminal groups can improve the chemical
stability of SAMs by increasing molecular rigidity and modulating electronic delocalization.?’* By introducing a sulfur-
containing terminal group, the MeO-BTBT molecule achieves a more delocalized electron distribution and a favorable
LUMO level, which collectively suppress photo-induced oxidation. The MeO-BTBT based devices can maintain
approximately 95% of their initial values after 1,000 hours aging (65°C; ISOS-L-2). Moreover, heteroatoms can form
strong interactions with the perovskite surface, thereby enhancing interfacial coupling. Sulfur-modulated fully-
conjugated SAMs, 5-(4-bis(4-methylthiophenyl)amino)phenyl) thiophenylphosphonic acid (SMe-TPA-ThPA) were
developed to achieve a Ty, lifetime exceeding 1,700 hours under 25°C (ISOS-L-1) and 65°C (ISOS-D-2).2> Methylthio
substituents enhance interfacial defect passivation, while the thiophene linker in SMe-TPA-ThPA strengthens
intermolecular interactions, improves energy-level alignment with the perovskite, promotes uniform coverage on ITO,
and enables efficient hole extraction.

However, heteroatom substitution represents a double-edged design strategy. While it can improve carrier transport
and tune energy levels, excessive bond polarization or the introduction of chemically active sites may compromise the
intrinsic molecular robustness, rendering SAMs more susceptible to degradation under external stress. In contrast, the
heteroatom-free molecule (2-(pyren-1-yl)ethyl)phosphonic acid (Py3), featuring a highly conjugated pyrene core,
minimizes bond polarization while maintaining extended electron delocalization (Figure 10C).!° Devices based on Py3
exhibited an extrapolated Tqy exceeding 10,000 hours of MPPT under accelerated aging conditions (85°C), highlighting
their exceptional long-term operational stability. These results highlight that the molecular stability of SAMs is governed
by the balance between electronic delocalization and bond polarization. Rational molecular design aimed at achieving
uniformly delocalized electron distribution while minimizing chemically vulnerable sites offers a robust strategy to
enhance both structural and operational stability.

3.3.2 Strengthening SAM anchoring on MO substrates

One persistent challenge in SAM formation is molecular aggregation during deposition, which often results in
suboptimal packing density and poor uniformity, even on flat substrate.?’ 276 277 This issue primarily stems from the
limited solubility of phosphonic acids and their suboptimal bonding with MO surfaces. The introduction of additives
into SAMs to engineer co-assembled monolayers (Co-SAMs) has emerged as an effective strategy to overcome this
problem. By introducing a co-adsorbent strategy to disassemble high-order phosphonic acid aggregates, a significantly
more homogeneous molecular distribution and high coverage was achieved on textured ITO substrates.?’”” The low-loss
contacts endowed devices with a Tys operational lifetime exceeding 1,000 hours (65°C, 50% RH). As a more effective
strategy, a hybrid SAM architecture was developed by incorporating a multi-carboxylic acid-functionalized aromatic
molecule, 4,4',4"-nitrilotribenzoic acid (NA), into the Me-4PACz monolayer on NiO, surface.?’ Synergistic interactions
between Me-4PACz and the triphenylamine moiety inhibited molecular aggregation, leading to a more uniform SAM
coverage at the NiO,/perovskite interface. Devices exhibited outstanding stability, maintaining 96.1% after over 2,400
hours of MPPT under ambient conditions (65°C), and 97.4% of their initial PCE after 500 hours of damp-heat aging
(85°C, 85% RH; ISOS-D-3).

In parallel, stability at the SAM/MO interface remains a critical issue, as external stress can disrupt the chemical
bonds between the SAMs and MO substrates, which triggers SAMs desorption and undermines device stability. The
absorption behavior of SAMs on MO substrates depends on their chemical structures. One effective strategy is to
increase the number of anchoring groups. For example, Yip et al. designed TPA2P((2-(4-(diphenylamino)phenyl)
-1-phosphonovinyl)phosphonic acid), a novel SAM material featuring a conjugated bisphosphonic acid anchoring group
(Figure 10D).2"® The dual phosphonic acid configuration enhances substrate binding on ITO, improves SAM uniformity,
and increases interfacial stability. Unencapsulated TPA2P devices retained 96.7% of their initial PCE after 1,000 hours
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of MPPT (40+5°C; ISOS-L-1I). The development of ((9H-fluoren-9-ylidene)methyl)cyanophosphonic acid (FY-CPA)
introduced a rigid multidentate molecule capable of forming strong tetradentate coordination with the underlying NiOy

layer, thereby enhancing interfacial binding and promoting efficient charge extraction (Figure 1?1;31213?;%%1&%56
maintained 96.5% and 93.8% of its initial efficiencies after MPPT at 50°C for 1,000 hours and aging at 85°C in
N, atmosphere over 1,300 hours, respectively.

Another strategy to enhance the stability of MO/SAMs interfaces is to regulate molecular orientation during
anchoring MO substrate, thereby promoting ordered assembly and improving interfacial electronic coupling. SAMs
based on functionalized n-conjugated cores often adopt an edge-on configuration, where the n-plane is perpendicular to
the substrate surface. This orientation can limit orbital overlaps with the perovskite absorber and induce undesired lateral
hole transport. To address this issue, a tripodal SAM molecule, 3PATAT-C3, incorporating three phosphonic acid
anchoring groups, was designed to enforce a face-on orientation on MO surfaces.?®® This geometry enhances vertical
orbital coupling with the perovskite layer and facilitates hole extraction. Consequently, devices based on 3PATAT-C3
exhibit significantly improved operational stability, showing no noticeable degradation after more than 2,000 hours of
shelf testing.

In addition to molecular orientation, achieving uniform surface coverage and intimate interfacial contact is critical
for stabilizing SAM-based interfaces. An asymmetric SAM, HTL201, was developed as a hole-selective layer for
perovskite/silicon TSCs.?8! Compared with symmetric phosphonic acid-terminated SAMs, HTL201 features a carbazole
core with asymmetric anchoring and spacer groups, which reduce steric hindrance during self-assembly and enable more
uniform coverage on the TCO recombination layer. As a result, perovskite/silicon TSCs incorporating HTL201 retained
approximately 98% of their initial efficiency after 1,000 hours of MPPT (25°C; ISOS-L-1I).

Beyond optimizing molecular orientation and surface coverage, ensuring the conformational stability of SAMs under
operational stress represents another crucial design principle. Jen et al. introduced a cross-linkable co-SAM system to
reinforce the structural robustness of hole-selective SAMs while suppressing defect and void formation during self-
assembly.?! In this design, an azide-containing guest SAM (JJ24) forms covalent bonds with the alkyl linkers of the host
SAM (CbzNaph), creating a cross-linked molecular network (CbzNaph: JJ24). This cross-linked structure effectively
stabilizes the SAM conformation under external stress and prevents direct contact between the perovskite layer and the
TCO substrate, thereby mitigating interfacial degradation and perovskite decomposition (Figure 10F). As a result, the
devices exhibit outstanding thermal durability, maintaining nearly unchanged performance during MPPT for 1,000
hours (85°C; ISOS-L-2) and retaining over 98% of their initial PCE after 700 thermal cycles (-40 to 85°C; ISOS-T-2),
setting a new benchmark for SAM-based interfacial stability.

Beyond SAM molecular design, engineering the MO substrate itself offers an additional approach to strengthen
the SAM anchoring. A solution-based strategy was developed to rapidly hydroxylate ITO surfaces within just 15 seconds.
This hydroxylation process not only introduces abundant hydroxyl groups but also exposes uncoordinated indium ions,
which significantly improves SAM attachment (Figure 10G), endowing the devices with exceptional thermal stability,
retaining 96% of their initial efficiency after 2,800 hours of MPPT (65°C; ISOS-L-2).2%2 The polar solvents used in
perovskite precursor solutions can disrupt hydrogen-bonded SAMs, whereas covalently bonded monolayers remain
intact. To address this limitation, atomic layer deposition (ALD) was employed to modify ITO substrates with covalently
bonded hydroxyl groups, enabling robust trimethoxysilane-functionalized SAM attachment through covalent tridentate
achoring.?® Devices retained 98.9% of their initial PCE after 1,000 hours of damp-heat exposure (85°C, 85% RH; ISOS-
D-3) and 98.2% after 1,200 hours of MPPT (85°C; ISOS-L-2I), , demonstrating outstanding interfacial stability in SAM-
based devices. When extending to the large-area modules, Shi et al. introduced a green, precise, and scalable laser-
induced hydroxylation strategy to overcome these challenges.?®* Laser irradiation creates oxygen vacancies in NiO, and
air annealing induces a hydroxyl-rich surface with undercoordinated Ni sites, enabling robust tridentate SAM anchoring
and densely packing. The resulting modules (65 cm?) achieved a certified PCE of 22.01%, among the highest efficiencies
for large-area modules (50-200 cm?). The unencapsulated device retained >91% of its initial PCE after 1,500 hours
aging (85°C, Ny; ISOS-D-2) and 2,000 hours aging (65°C; ISOS-L-2).

3.3.3 Regulating the Surface Wettability of SAMs
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Currently, most SAMs still suffer from intrinsic wettability limitations, which often lead to poor film uniformity
and limited device reproducibility.®* 285 These issues become more pronounced when scaling to large-area modules,
where ink dewetting on exposed glass regions around P1 scribe lines can cause pinholes and electrical shunting:between
sub-cells, thereby degrading module performance.’? POL003IERERDTA%E

To address these challenges, multiple interfacial engineering strategies have been developed. One approach
involves tuning the surface energy of SAM-modified substrates and improving wetting behavior through adding
additives into the precursor solution or by rationally combining different SAM molecules. For example, incorporating
1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) into the Me-4PACz solution enhances the interaction
between the SAMs and the perovskite precursor ink, leading to improved wettability and more uniform film formation
(Figure 10H).%? This strategy enables WBG PSCs (1.67 eV) with PCE up to 22.4% for small-area devices and 20% for
mini-modules (9.8 cm?), along with high reproducibility. The perovskite/silicon TSCs exhibited improved photostability,
retaining 80% of their initial efficiency after 490 hours of MPPT (ISOS-L-1).

Another effective approach involves the rational design of amphiphilic SAMs that simultaneously interact with the
substrate and perovskite precursor. Zhang et al. reported an amphiphilic SAM (MPA-CPA) featuring a hydrophilic
cyanovinyl phosphonic acid anchoring group and a hydrophobic arylamine-based hole-extraction unit, which enhanced
perovskite deposition quality through improved wetting and passivation (Figure 101).28¢ The perovskite modules
showed negligible performance loss over 500 hours of MPPT in ambient air (45°C, 30~40% RH; ISOS-L-1), and
retained more than 95% of their initial performance after 500 hours aging under damp heat conditions (85°C, 85% RH;
ISOS-D-3). Qu et al. developed a functionalized SAM denoted 4-(7H-dibenzo[c,g]carbazol-7-yl)phenyl)phosphonic
acid (Bz-PhpPACz) by expanding the molecular n-conjugation to strengthen intermolecular n-x interactions.?®” This
design promotes the self-assembly of molecules into an ordered hydrophilic bilayer structure that benefit sthe deposition
of high-quality, large-area perovskite films.?®” The devices maintained 91.94% of their initial PCE after 3,000 hours of
MPPT at 65+10°C in N, representing excellent long-term operational stability. In addition, plasma treatment has been
widely employed to modify substrate surface chemistry and morphology, enhancing surface activation and enabling
more conformal and homogeneous SAM assembly.?88

Beyond direct modification of the SAM or substrate, Kirchartz et al. introduced a universal triple co-solvent system
composed of dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and N-methyl-2-pyrrolidone (NMP) to enhance
the interaction between the perovskite precursor ink and the underlying SAM, thereby mitigating wettability
limitations.?® Compared with conventional DMF- or DMSO-based formulations, the incorporation of NMP
significantly increases the binding energy between the perovskite ink and Me-4PACz, leading to improved interfacial
adhesion and better perovskite film uniformity.

3.3.4 Minimizing Defective Sites at the Buried Interface

To enhance durability, SAMs are designed with stable structures, often incorporating saturated alkyl chains and
large m-conjugated groups that act as barriers to prevent unwanted interfacial chemical reactions caused by MO and the
perovskite absorber (Figure 10J). For example, the use of (4-(3,11-dimethoxy-7H-dibenzo[c,g]carbazol-7-
yl)butyl)phosphonic acid (MeO-4PADBC), which chemically anchors to NiO, surface, stabilizing the NiO,/perovskite
interface.'® Devices incorporating MeO-4PADBC maintained over 80% of their initial efficiency for more than 10
months (ISOS-L-1). Similarly, (4-(7H-dibenzo[c,g]carbazol-7-yl)ethyl)phosphonic acid (2PADBC) at the FASnI;/NiO,
interface, anchors undercoordinated Ni cations via phosphonic acid groups, which suppressed the reaction between
highly active Ni=** defects and perovskites, and increases the electron density and, consequently, the oxidation activation
energy of Sn’* at the perovskite interface (Figure 10K).?*® The FASnlI;-based devices maintained more than 93% of
their initial efficiency after 1,000 hours of MPPT (ISOS-L-1).

As previously noted, device degradation is largely driven by interface defects. The terminal groups of SAMs are
critical for enhancing stability by passivating these defects in the perovskite absorber. Hong et al. developed a
phenothiazine-based SAM, (2-(3,7-dibromo-10H-phenothiazin-10-yl)ethyl)phosphonic acid (Br-2EPT), which forms
Pb-S and halogen bonds with the perovskite, thereby reducing interface trap density and achieving excellent device
stability.?’! To further improve passivation efficiency, they replaced the sulfur atom in phenothiazine with oxygen or

34


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee07642k

Open Access Article. Published on 28 April 2026. Downloaded on 6/10/2026 3:24:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science Page 36 of 60

selenium, yielding Br-2EPO ((2-(3,7-dibromo-10H-phenoxazin-10-yl)ethyl)phosphonic acid) and Br-2EPSe ((2-(3,7-
dibromo-10H-phenoselenazin-10-yl)ethyl)phosphonic acid), respectively.?> Among these, Br-2EPSe exhibited the
strongest interaction with the perovskite. Correspondingly, devices showed different long-term PCDE ‘r%el%%%?gfgg:&fggo
hours of MPPT Br-2EPSe (~96%) > Br-2EPT (~80%) > Br-2EPO (~67%). Encouragingly, the diversity of SAMs also
overcomes the limitations caused by acidic PEDOT:PSS in NBG PSCs. Based on 2PACz, Sargent et al. designed SAMs
bearing thiol and carboxylic groups, which produce a lowered rate of acidity-related degradation and form strong Pb-S
bonding, thus strengthening the HTL/perovskite interface. These devices exhibited the markedly enhanced thermal
stability, with a Tgy of 85 times longer than PEDOT:PSS and well beyond that of 2PACz (< 200 hours).>°

Additive molecular engineering has been also employed to simultaneously enhance interfacial stability and mitigate
bulk defects.?> Incorporating a redox-active molecule, methylene blue, into Me-4PACz films enabled the selective
reduction of Ni=** defects in NiO, and the oxidation of metallic Pb® species within the perovskite absorber (Figure
10L).>°* In addition to passivation, ©- interactions between methylene blue and Me-4PACz molecules improved the
monolayer dispersion, reducing voids and aggregates, and resulting in a denser interfacial contact. The resultant devices
demonstrated remarkable resilience, maintaining 91% of their initial efficiency after 1,500 hours of UV irradiation and
90% after 1,500 hours of MPPT under harsh damp-heat conditions (85°C, 85% RH; ISOS-D-3). Taken together, these
results indicate that rational molecular design and structural optimization of SAMs are critical to mitigating intrinsic
interfacial instability at the HTL/perovskite junction.
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Figure 10. Rational Design of SAMs. (A) Molecular structure and calculated ESP of 4PACz and 4PADCB, and schematic of the
interconnection between ITO, HTL and perovskite for 4PACz and 4PADCB.27 Copyright 2022, Nature Publishing Group. (B)
Design concept of open-shell diradical SAMs and schematic diagram of electrochemical measurement for molecules dissolved in
solution.?”> Copyright 2025, Science Press. (C) (Ci) Conductive AFM images and the corresponding surface current signals of
2PACz and Py3 SAM. (Cii) MPPT of the devices under continuous 1-sun light soaking at ~35°C.!® Copyright 2024, Nature
Publishing Group. (D) Chemical structures of TPAP and TPA2P, and intramolecular charge density differences of TPAP and
TPA2P.?8 Copyright 2025, American Chemical Society. (E) Rational design of molecules through DFT calculations and
corresponding binding models of 2PACz and FY-CPA on NiOj surface.'*” Copyright 2025, Cell Press. (F) (Fi) The proposed cross-
linking mechanism between CbzNaph and JJ24. (Fii) Schematic diagram of the random thermal swing of SAM molecules leading
to substrate exposure and subsequent perovskite decomposition.2?> Copyright 2025, Nature Publishing Group. (G) Schematic of
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SAM bonding on control and target ITO.22 Copyright 2025, Nature Publishing Group. (H) Blade coating of perovskite ink on control
(Me-4PACz) and target (Me-4PACz+DMPU) large-area substrates.’? Copyright 2024, Wiley-VCH. (I) (Ii) Molecular structure of
the amphiphilic MPA-CPA molecule. (Iii) Schematic depiction of the bilayer stack of MPA-CPA molecules on ITO substrate(liii)

DOQI: 10.1039/D5EE07642K

Contact angles of the perovskite precursor solution on different HTLs.?8¢ Copyright 2023, Science Press. (J) Schematic illustration

of the suppressed defect site by a buffer layer at MO/perovskite interface.”® Copyright 2023, Nature Publishing Group. (K) (Ki)
XPS spectra of Sn elements in perovskite films with low solution concentrations on PEDOT:PSS and NiO, HTL. (Kii) MPPT of
the encapsulated devices at room temperature in N,.2% Copyright 2023, Wiley-VCH. (L) Diagram of interfacial redox reactions and

inhibition by methylene blue.2** Copyright 2025, Royal Society of Chemistry.

g8
é Table 3. Stability development of single-junction and tandem solar cells by rational design of SAMs.
= PCE Stability for devices
Y@r Strategy . Stability Improvement Mechanism ; X .

<3 (certified) Operation Thermal/Light/Humid
Si@le-junction PSCs

[ T

R . .

253 3-MP disassembles aggregates, enabling Tys~1,000 h
277

520? Conformal SAMs (248) uniform SAM distribution (ISOS-L-3; 65°C, 50% RH) /
L £
5 38 No degradation~56 wec ks
o é To3~5,030 h (ISOS-D-1I; Ny);
%@3 Mixed SAMs (MeO-2PACz 255 Improves ion-blockine propertics (ISOS-L-1I; 1.2-sun, N,); T9>2,560 h
& and Me-4PACz)!%5 ' P & prop Too~22 weeks (ISOS-D-3; 85°C, 85% Kr1);
=t (Outdoor stability) Cy5~1,000 h
c B (ISOS-T-3; -40-85°C, Dart)

[%2] o} .
% 83 MeO-4PADCR!8 256 Stabilize NiOy/perovskite interface and ]%Owi’%gg }ﬁ Eggogi’ /
e (E (256) tuns interfacial band alignment .
g 8 (ISOS-L-2I)
o2
§(§ 4 peri-Fused polyaromatic 26.1 Chemically inert and structurally stable T99>1,000 h (35°C); Tys>3,000 h (ISOS-D-.;
SIS core structure SAMs (Py3)" ) molecular contact T99>600 h (55°C) T9s>3,300 h (ISOS-L-2;65°7)
E' ; Trimethoxysilane based

] . .

34 SAMsDCTMPS) on ALD Sl o et 18osL2n (1505-D-3, $5°C, 5% )
5% deposited ITO283 ’ ’ ’ ’
B = o
ﬁ % 26.3 Covalently linked phosphonic acid Toe1.000 h Toe>2,000 h (ISOS-D 7):

') - ; 297 . e e i 9g~1, 96”2, - i
éZ(%S Self-assembled bilayers 26.08) SAM-triphenylamine b1'1ayer forms (ISOS-L-11; 55°C) Cor>1,200 cycles (ISOS-T-3)
g g thermally stable polymerized network
L 4 )
Z 2 -

n-expanded SAMs (Bz- 26.46 Strong n-m interactions promote ordered _ 5
é@ PhpPACz)?*7 (26.39) hydrophilic bilayer structure T9~3,000 h (65£10°C, N) /
S 2-methyltetrahydrofuran- G Ivent ble. deep HOMO To>1.450 h &
rocessed PTACz-PO reen-solvent processable, deep , 94>1, 1€
S P T 92 2631 high mobility, strong passivation (ISOS-L-3; 65°C, 50% RH) T9s>2,000 h (ISOS-D-
Lo ]
= To5~1,000 h
2025 Orthogonal n-skeleton 251 Disordered amorphous structure To1.5~2,500 h (50°C); (ISOS-D-2; 85 °C, Dar):
SAMs (SAX)!5 : enhances resilience to external stimuli To~400 h (85°C) T¢7~2,000 h
(ISOS-L-2; 65°C, Ligh:;
Asymmetric SAMs 26.9 ©-m interactions and dipoles induce ~
2025 (4PABCz)'¢ (26.81) tightly packed face-on HTLs To~1,000 h (ISOS-L-2) /
2025 In-situ crosslinked SAMs 26.98 In-situ crosslinking suppresses SAM (s os_{l_ozoié’sgoco 1710-80“/ Cog~700 cycles
(J124)* detachment under thermal stress ’RH) ’ ’ (ISOS-T-2; -40-85°C, Dart)
Dipole-regulated packing, BrAs-PIE D- o
Photostable donor-acceptor Tys5~1,500 h Tgg.7~1,000 h
2026 SAM (BrAs)* (27.19) A energy transfer e_nhance charge (ISOS-L-2; 65°C) (85°C, N», Dark)
extraction
Rigid molecules anchoring Tetradentate anchoring on NiOy induces ~ o _ o
2025 NiO, 47 26.21 parallel orientation for charge extraction To65~1,000 h (50°C, N2) To3.5~1,300 h (85°C, Noy
2025 Seeding -OH groups by 26.19 Strengthen and homogenize SAM Top>1,000 h /

H,0»/ultraviolet bath?’

deposition on substrates (-P-O-Sn...-OH)

(ISOS-L-3; 65°C)

37


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee07642k

Page 39 of 60

Energy & Environmental Science

Create abundant uncoordinated In* on

Tos~1000 h

2025 Fully hydroxylate [TO?? 26.6 . To6~2,800 h (ISOS-L-2) (ISOS-D-3; 85°C, 85% RH);
ITO for SAM anchoring Ty3~1600 h (ISOS-T-1)
Laser-induced surface (22.01) Induce oxygen vacancies on NiOx bor: 10-1025/\%2&5%%;;
2026 hydroxylation of NiO,2% 65 .cmz surface, enabling tridentate SAM T91~2,000 h (ISOS-L-2; 65°C) (ISOS-Il)-2" 85°C, Ny)
X anchoring and densely packing ’ 2
Perovskite/Si Tandem Solar Cells
33 86 Prioritizes molecular stability and Te o624 h
2025 DMPP SAM?% ) packing, homogenizes perovskite Toy~2,000 h (ISOS-L-1) 80.9 70~
(33.59) Y (85°C, Light)
. crystallization
% )
S L I .
3] . Minimized steric hindrance improves .
5 Asymmetric SAM R Tog~1,020 h (25°C, Air);
2Q§5 (HTL201)%! (34.58) SAM covera%Vei t(;lnp’grco(‘)lsi?i coordination Ty 5~1,020 h (45°C, Air) /
£
)
5 2 5 In-situ cross-linked SAM 34 Stabilizes SAM structures, improves To7>1,200 h /
. G§ (CL-SAMs)300 (33.61) passivation and perovskite quality (ISOS-L-2; 65°C)
z 5 ——
©
g £ . . . To7~1,000 h (45£10°C, N);
S 97~1, » N2);
026 Binary mixed SAM3! 314 Strong intermolecular interactions for To1~1,000 h (65£10°C, N,) /
& o dense coverage on textured Si
© Z (ISOS-L-11)
& S =
%é 6 6AHPACI additive in 29.1 Modulates pH of SAM to suppress / Cy5~1,010 cycles
TE SAMs30? (Iem?)  aggregation, dipole facilitate extraction (-40-85°C, 85% RH)
S <
BAIEPerovskite Tandem Solar Cells
S E ; .
= E Oligoether chains promote hole
%2(135 MPA_(glg_g)? | SAM 28.61 extraction, regulate perovskite growth, T9,~400 h (ISOS-L-11) /
0g passivate defects
Sl . P : —
Passivates V|, optimizes interfacial band Tgo~440 h
_Br- 303 1, Op 80
§2“25 DCB-Br-2 SAM (WBG) 2770 alignment (ISOS-L-1; 65°C, 85% RH) /
=)
< o . . .
Poly(carbazole phosphonic Multiple phosphonic groups enable g
?0%5 acid) SAM (WBG)3%* 28.51 robust anchoring on NiOy Tso~700 h (ISOS-L-11) /
B g ® B
B, 5 Less-acidic boric acid SAM Milder anchoring group chemisorbs onto ~
%Q%S (WBG)3%s 28.5 NiO, via strong -BO,-Ni coordination T50~500 h (ISOS-L-1) /
9
[&] o . . . .
=) 5-AVALI additive in Me- In-situ compensation of SAM vacancies, _
zZCéS 4PACz (WBG)3% 289 defect passivation via -NH,/C=0 groups Ts75~800h /
3 ,
%:Z SA additive in Me-4PACz 28.94 Co-adsorption with Me-4PACz Tg7~500 h /
& (WBG)37 (28.78) suppresses competitive deposition (ISOS-L-1; 45°C, 30-40%RH)

Lo
-

3.4 Engineering Stable Electron Transport Layers (ETL)

3.4.1 Engineering Fullerene Derivatives-based ETL

Pristine fullerene (Cg) has greatly contributed to the advancement of PSCs, yet its low solubility and strong

tendency to aggregate hinders the formation of high-quality solution-processed films, necessitating thermal evaporation
to produce well-ordered films. Cg, functionalization has emerged as a strategy to improve the performance and stability
of fullerene-based ETL.3%-310 A Cg-polymer assembly strategy by incorporating an n-type polymer, dithienylpyrazine
diimide-bithiophene imide (TPDI-BTI), suppresses Cq, aggregation and enhances both electron transport and interfacial
contact.?!% 31! The optimized devices maintained 95% under light soaking (white LED) for 1,800 hours and 80% of their
efficiency at 65°C for 700 hours. In another approach, a C¢-based ionic salt ETL was developed by Zhu et al. where
the introduction of ionic head groups enhanced molecular packing and significantly improved interfacial toughness,
achieving a threefold increase compared to pristine Cg, (Figure 11A).3% Devices employing this ETL exhibited
outstanding operational stability, with only a 2% performance loss after 2,100 hours at 65°C. Furthermore, a novel
fullerene derivative, BTP Cgy, was synthesized by grafting a non-fullerene acceptor (NFA) fragment onto the Cg
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framework.?'* This molecular design disrupted the dense packing of the Cg, cage and promoted strong fullerene-NFA
interactions (Figure 11B), enabling devices to retain ~90% of their initial efficiency after 1,500 hours at 85°C.

Additionally, Cq, are often incompatible with balanced charge extraction in inverted PSCg,O ml&il%lgg%%iggg%ﬁrg)gn
SAMs with conjugated structures typically facilitate faster hole extraction than the electron extraction provided by
ETL.!894312 To address this mismatch, Liang et al. developed an endohedral metallofullerene-polymer composite ETL,
Nd@Cs,-PMMA, which offers both ultrafast intramolecular electron transfer channels and interfacial polarization,
thereby enabling highly efficient and balanced charge extraction.’!> The unencapsulated devices retained ~82% of their
initial PCE after 2,500 hours (65°C; ISOS-L-3), ~95% after 1,750 hours (85°C; ISOS-D-2I) and almost exhibited no
efficiency reduction during the damp heat test (85°C, 85% RH; ISOS-D-3) over 1,000 hours.

PCBM also faces critical challenges. Under illumination and thermal stress, cycloaddition reactions can occur,
leading to the dimerization of PCBM on the perovskite surface.3!> 314 This process has been proposed to deteriorate
operational stability by reducing charge carrier mobility and disrupting energy-level alignment. Furthermore, molecular
dimerization on the perovskite surface compromises the uniformity of the PCBM layer. Therefore, suppressing PCBM
dimer formation on the perovskite surface is key to improving both stability and scalability. Liang et al. developed a
molecular dopant, 2,3,5,6-tetrafluoro-4-iodobenzoic acid (FIBA), to reorient PCBM molecules by m-n stacking and
hydrogen bonding, thereby suppressing dimer formation and improving film uniformity.?'> This strategy ultimately
reduces efficiency losses during scale-up (21.3% of 764 cm?) and enhances operational device stability. The FIBA-
based devices retained 93% of its initial PCE after 1,500 hours (85°C, N,; ISOS-L-21), and 85% of its initial PCE after
2,000 hours of aging (85°C, 85% RH; ISOS-L-3).

3.4.2 Advancing Fullerene-free ETLs

Despite these advancements, fullerene-based ETLs still exhibit inherent drawbacks, in which the poor mechanical
robustness greatly limits device durability and motivates the search for alternative electron transport materials.”® %
However, direct substitution with inorganic metal oxides remains challenging, as hybrid perovskites are thermally
sensitive and cannot withstand the high-temperature processing typically required for metal oxide optimization. Atomic
layer deposition (ALD)-derived SnO, is widely used in inverted PSCs, where its dense, uniform films protect perovskites
from sputtering damage during electrode deposition. Zhu et al. introduced a simultaneous co-deposition strategy that
allows for the direct formation of SnO,/Ag electrodes without the need for fullerene layers (Figure 11C).2¢ The ALD-
SnOy layer acts as a robust and thermally stable inorganic ETL. The resulting devices retained a certified Ty, lifetime of
1,000 hours under MPPT (65°C; ISOS-L-2).

Fused-ring electron acceptors (FREAs) with donor-acceptor-donor architectures, along with naphthalene diimide
(NDI)-based derivatives, have recently emerged as promising alternatives to fullerene ETLs.”” Huang et al. reported two
Y-type NFAs, Y-Phen and Y-CE, designed by replacing the benzothiadiazole core of Y6 with higher-polarity
phenanthroline and crown ether units to improve interfacial interactions and molecular packing (Figure 11D).3!¢ These
modifications promote ordered assembly on the perovskite surface and enhance charge transport. Devices using Y-CE
as the ETL achieved a certified PCE of 25.59% and maintained over 90% of the initial efficiency after 1,440 hours of
thermal aging. This result significantly narrows the performance gap between fullerene-free and conventional fullerene-
based devices. Despite these promising efficiencies, practical challenges remain. The synthesis of Y6 typically requires
up to 15 steps, with overall yields as low as ~12%3!7- 318  raising concerns about scalability and cost for large-scale
applications. Moreover, many FREAs, including Y6, contain electron-withdrawing end groups linked to the conjugated
core through highly polarized double bonds, which are susceptible to nucleophilic attack, especially halide anions from
perovskites. Consequently, their chemical stability under operational conditions remains uncertain.

Compared with complex FREAs, NDI-based materials offer a more scalable alternative for fullerene-free ETLs
due to their simpler synthesis (~3 steps, ~70% yield), low cost, and good thermal and photochemical stability.3!320 NDI
films show electron mobilities (~10* cm?-V-!-s') comparable to thermally evaporated Cq, and minimal visible
absorption, reducing parasitic losses. Their tunable LUMO levels and chemical robustness make NDIs promising
candidates for durable, large-scale perovskite photovoltaics. However, tuning the electronic structure of NDIs remains
challenging, as donor substitution raises the HOMO level and narrows the optical gap, thereby increasing parasitic
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absorption. In addition, the ultrathin (~2 nm) layers required for optimal performance are difficult to control uniformly
over large areas, limiting scalability. Charge transport in NDI films is also anisotropic and highly sensitive to deposition
conditions and molecular orientation. Developing vapor-deposition-compatible NDIs or combinliaré% 1\6%18?5/%%?}8?786%311
with post-treatment processes may improve film uniformity and charge transport facilitating for scalable fabrication.’?!
3.4.3 Novel Buffer Layer

The diffusion or migration of mobile ions from the perovskite absorber through the top ETL, leading to their
accumulation at the metal electrode interface, can corrode the metal electrodes. Furthermore, the migration of metal
atoms from the electrode into the underlying ETL and perovskite layers presents another critical concern for long-term
stability.3?? Inserting a bilayer buffer of BCP and bismuth (Bi) between the ETL and the metal electrode effectively
blocks moisture penetration into the perovskite and shields the metal electrode from iodine-induced corrosion (Figure
11E).3? Devices incorporating this Bi interlayer retained 95% and 97% of their initial PCEs after 500 hours of thermal
aging at 85°C and light soaking, respectively. More recently, an amorphous ZrN, barrier layer has been introduced to
further suppress ion diffusion and mitigate metal electrode corrosion.??* The PSCs maintained 88% of their initial
efficiency after 1,500 hours of continuous MPPT (N,), along with strong thermal stability, retaining 90% efficiency
after 1,000 hours at 85°C.

Direct contact between metal electrodes and ETLs can lead to the formation of Schottky contacts, causing
detrimental charge accumulation. Incorporating a buffer layer, such as BCP, is often necessary to mitigate this issue, as
it promotes ohmic contact and reduces charge accumulation at the interface. However, the organic BCP layer is relatively
unstable, posing risks to the device's long-term thermal stability. To overcome this limitation, a chemically stable and
multifunctional buffer material, ytterbium oxide (YbO,), was designed using scalable thermal evaporation deposition
(Figure 11F).?® When subjected to the ISOS-L-3 accelerated aging conditions (85°C, 50% RH), encapsulated devices
incorporating YbOy exhibit markedly enhanced device stability.

In perovskite solar modules with series-connected subcells, the metal electrodes directly contact the perovskite
layer at the P2 scribe lines.3?>32¢ This direct interface raises concerns regarding the long-term stability of the modules,
as chemical reactions and iodide diffusion between the metal and perovskite materials may occur. To address this issue,
introducing additional barrier layers, such as 2D graphitic carbon nitride nanosheets or ALD-deposited SnO,, at the
interconnection regions has been proven as effective approaches.3?>-3%7 A low-temperature solution-processing approach
was developed to achieve stable and efficient perovskite modules by incorporating low-dimensional diffusion barriers

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(Figure 11G). This method significantly mitigated the additional degradation caused by diffusion in perovskite solar
modules. Tan et al. developed a thin, conformal diffusion barrier (CDB) of SnO,, deposited after P2 scribing (Figure
11H).3?7 This conductive CDB effectively suppressed halide-metal interdiffusion and acted as a lateral barrier between

Open Access Article. Published on 28 April 2026. Downloaded on 6/10/2026 3:24:46 PM.

interconnected subcells, thereby preventing direct interaction between the metal electrodes and perovskite layers. These
Lo
g

.8 advantages allowed the all-perovskite tandem modules to maintain their initial PCE even after 500 hours of MPPT.
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Figure 11. Engineering Stable ETLs. (A) (Ai) Comparison of C¢y and CPMAC on their different interactions with the perovskite
surface. (Aii) Comparison of operational stability of devices under 1-sun MPPT (65°C, N,; ISOS-L-1).3% Copyright 2025, Science
Press. (B) Schematic diagram of molecular packing during C¢ and BTPCg film preparation.’'® Copyright 2024, Wiley-VCH. (C)
(Ci) Schematic illustration of the device structure with SnO, ETL. (Cii) Certified operational stability of devices (65°C; ISOS-L-
2).26 Copyright 2024, Science Press. (D) (Di) Intrinsic stability of unencapsulated devices aged at 65°C in a N,-filled glovebox. (Dii)
MPPT of encapsulated devices at ~45°C under LED illumination.?'® Copyright 2015, Nature Publishing Group. (E) Schematic
diagram of the device structure, the Bi interlayer has a superior shielding capability, prohibiting both inward and outward
permeation.’?3 Copyright 2019, Nature Publishing Group. (F) (Fi) Schematic of the device configuration of a typical p-i-n PSCs
with the YbO, buffer layer. (Fii) Variations of the PCEs of the encapsulated NBG-containing PSCs (top) and WBG-containing PSCs
(bottom) with the BCP or YbO, buffer layer aged in an N,-filled glovebox under 85°C, dark.?® Copyright 2023, Nature Publishing
Group. (G) Schematic illustration of diffusion barriers within perovskite modules.??> Copyright 2019, Cell Press. (H) Schematic
diagram of the structure of the series-connected all-perovskite tandem module with CDB to prevent ion diffusion.??” Copyright
2022, Science Press.
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Table 4. Stability development of inverted single-junction solar cells by engineering robust ETL.
Yea PCE Stability for devicesiew Article Online
. Strategy (certificay  Stability Improvement Mechanism DO 10 1059/D5LLO/EA2K

Operation

Thermal/Light/Humidity

Engineering Fullerene Derivatives-based ETL

CH,-NHj;" head groups improve

T97>6~2,100 h (650C, Nz);

Cgo-based ionic salt ETL308
2025 T 26.1 interface and molecular packing Tys~1,500 h (85°C, Na) /
g
@ ; Tos~1,750 h
= Magnetic endohedral 26.78 Utrafast electron extraction and in- Tg,~2,500 h (ISOS-D-2I; 85°C);
20 metallofullerene Nd@C
? ETL312 82 (26.29) situ interfacial encapsulation (ISOS-L-3; 65°C) Almost no degradation >1,0ou h
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[
S Molecular dopants 2,3,5,6- . Tog~2,200 h (ISOS-L-11); -
2025 tetrafluoro-d-iodobenzoic acid 264 Reonien PEBV molecules 0 Tyy~1,500 h (ISOS-L-21); (1SO9D.2E 85°C)
= (FIBA) in PCBM!™ PP Ty5~2,000 h (ISOS-L-3; 85°C) g
=z 5
%0% Crosslinked siloxane matrix in ~ 26.39 Suppress thermally induced PCBM Tg > 800 hours /
¥ 8 PCBM328 (26.27) aggregation (ISOS-L-3; 85°C)
N 2
@(ﬁancing Fullerene-free ETLs
a9
ISI= :
02 ALD-SnO, ETL?¢ 25.1 Durable inorganic fullerene-free Certified Ty;>1,000 h /
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B £ Supramolecular-force-dri i i
pramolecular-force-driven Supramolecular interactions promote T9p>1,200 h o !
go? NFA ETL (Y-type NFAs)316 2559 ordered ETL assembly on perovskite (45°C, Nyp) Top>1,440h (65°C, No)
§lo§el Buffer Layer
Q % Reduced amorphous-crystalline
50%3 ZrN, barrier3?* 23.1 density, suppressing ion-metal inter- Tgg~1,500 h Too~1,000 h (85°C, N,
jp diffusion by dense structure
© S Thermally evaporated YbOy 25.2 Intrinsically stable, multifunctional Ty7~1,000 h o
%O%‘ buffer layer’® (25.09) material replacing BCP (ISOS-L-3; 85°C, 50% RH) To~500 h (85°C, Dark:
BB -
23
& & 4.Outlook and Challenges
8 % The trajectory of inverted perovskite solar cells (PSCs) is at a pivotal juncture. Although record-breaking PCEs
% £ have been achieved, the paramount challenge for their commercial viability remains bridging the substantial operational
g stability gap compared to established technologies like crystalline silicon. The path forward is unequivocally centered
<
g on interface. Future research must adopt a holistic and co-optimization approach, moving beyond the singular focus on
© PCE. The following key directions are critical:
E (1) Deepening the Fundamental Understanding of Interfacial Crosstalk: A molecular-level understanding of

interactions dynamics at the perovskite/CTM interface during aging process is required. This includes:
i. How functional groups in CTMs passivate or activate specific defects.

1i.

iii.

1v.

How energy-level alignment and interface-mediated charge extraction kinetics influence the ion migration and
photochemical reactions.
The bidirectional degradation pathways: not just how CTMs affect perovskite stability, but also how perovskite
decomposition products corrode or degrade the transport layers.
In-situ/operando characterization of the dynamics change at interfaces would be highly beneficial. Key questions
remain regarding whether the selected passivators and interfacial structures maintain stability under relevant stress
conditions, such as elevated temperatures (e.g., 85°C) and thermal cycling (ISOS-T protocols). Furthermore, the
chemical stability, molecular binding configurations, and defect passivation capabilities of these interfacial layers
may evolve under coupled stresses of heat, illumination, and electrical bias. Advanced operando characterizations
such as photoelectron microscopy and synchrotron radiation, are required to monitor dynamic interfacial reactions,
ion migration, and structural reconstruction in real time, enabling a deeper understanding of degradation pathways
and guiding the rational design of more stable interfaces.
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(2) Thin Film Growth Control for Universal Stability. We have learned that the metal oxide
(MO)/SAM/perovskite interface critically governs the stability of p-i-n structured devices. In part this is related to robust
anchoring of SAMs on the MO substrate during both deposition and operational processes, in p%rg‘:ifojlsogée}gﬂgg% %g%le
effective coordination at the SAM/perovskite interface for defect passivation and, crucially, crystallization regulation.
Treatment of the perovskite thin film surface, interfaced with the ETL, also seems to be unavoidable, and as for the
buried interface with the substrate, a trade-off between stability (chemical and mechanical) and efficiency must be found.
Then, the need to develop interfacial engineering strategies that are effective across the wide range of bandgaps required
for tandem devices and different perovskite compositions must be compromised with the awareness that a "one-size-
fits-all" solution is unlikely. As a result, so far, despite remarkable efficiency advances, the operational stability of
tandem devices still lags behind that achieved in single-junction counterparts. In tandem architecture, the interfacial
landscape is inherently more complex than in single-junction devices, as stability must be simultaneously ensured for
both subcells and the interconnecting layers.

Said this, there is an interesting message that coming across the last reports on the development of perovskite thin films
for solar cells, but not only, and it points to the crystallization of the perovskite thin film. Despite the massive research
effort, still, the control of the crystallization process, both solvent and vacuum mediated, is poor if compared with
established technologies. Open questions regard the role of precursors inclusions in thin films, the impact of precursors
purity and how they are responsible for the need for specific passivation strategy. The open question is: are all the
passivation strategies proposed really needed if we could gain more in-depth understanding of the actual thin film
composition and crystallization?

(3) Beyond current charge extraction layers. The introduction of SAMs to modulate the HTL/perovskites interface
has driven the advancement in the p-i-n structured PSCs, while the perovskites/ETL is stuck. The capability of electronic
doping of the device contacts may result in a universal solution in the simplification of the device architecture. A few
proof-of-concepts have been reported based on charge transfer concept through molecular systems.3?%-330 The control of
substitutional doping focused on the metal cation, if successful, may represent a game changer approach.

(4) Challenge faced from laboratory cells to scalable modules: Despite substantial stability gains in small-area
devices, translating interfacial strategies to large-area modules remains challenging. Perovskite modules experience
complex, field-specific degradation mechanisms distinct from those in conventional photovoltaics. Even small-area
modules typically lose more than 20% of their efficiency annually, whereas degradation rates below 0.5% per year are
required to match the operational stability of silicon photovoltaics.!- 331> 332 The following points highlight several key
considerations when translating laboratory-scale devices to modules.

i.  SAMs often suffer from limited reproducibility and non-uniform coverage on large substrates. During P1 scribing,
exposed glass regions create wettability contrasts with ITO, so hydrophobic SAM deposition can lead to non-
uniform perovskite coating, resulting in pinholes and electrical shunts between sub-cells. Hence, more robust and
reliable SAMs must be developed to enable stable perovskite modules.

ii. Surface passivation strategies based on 2D perovskites typically rely on precisely controlled solution processing—
often achieved through dynamic spin-coating—which is difficult to replicate with scalable deposition. Vapour33*
335 and vacuum deposition'’? 33¢ approaches have therefore been explored as scalable alternatives. Additionally,
the use of ammonium cations that do not form 2D perovskites may broaden the processing window for scalable
solution processing, offering a promising route toward high-efficiency large-area perovskite modules.!?% 337338

iii. Many surface functional layers rely on spin-coating, posing challenges for scalable manufacturing, while the high
cost of some functional materials further limits module deployment. Solvent-free solid-phase passivation offers a
promising scalable alternative compatible with large-area processing.’* 340 Future efforts should focus on
translating insights from small-area devices to identify chemically stable passivators with durable interfacial
interactions for module-level applications.

iv. Fully vacuum-processed PSCs have recently emerged as a promising route toward scalable manufacturing.34!-34¢
The deposition of high-quality interfacial layers by vacuum techniques is therefore critical for enabling efficient
and scalable modules. Beyond technological advances in vacuum-processing, further studies are required to
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understand the long-term stability and interfacial evolution of vacuum-deposited layers under operational
conditions.

In conclusion, the future of stable inverted PSCs depends on designing and integrating interfacgg ‘tlllg‘g %%E%rzoily

electrically functional but are also chemically inert, physically robust, and actively protective. By shifting the paradigm

from interface engineering for performance to interface stewardship for longevity, the field can make the critical leap

from laboratory research to sustainable commercial deployment.
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