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From perovskite top interfaces to metal contacts:
stability-driven design for tandem-compatible
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Inverted perovskite solar cells (PeSCs) have attracted growing attention, due to their low-temperature
processability, reduced hysteresis, and strong compatibility with flexible and tandem device
architectures, and have now surpassed conventional devices in terms of both power conversion
efficiency and operational stability. Despite these advantages, their long-term operational stability
remains critically constrained by the upper device stack, spanning from the perovskite surface through
the electron-transporting layer (ETL) to the metal cathode. This review systematically analyzes the
dominant origins of instability at these top interfaces in inverted PeSCs and organizes recent progress
into three key design directions: (i) perovskite/ETL interface engineering using organic and inorganic
modifiers, low-dimensional perovskite capping layers, and thermally conductive interlayers; (i) Ceo
replacements or non-fullerene ETLs that integrate defect passivation, interfacial dipole tuning, ion
management, and aggregation-resistant morphologies; and (iii) ETL/cathode interlayers that regulate
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Accepted 23rd April 2026 band bending, suppress interfacial recombination, and block volatile halide migration. Finally, the
Outlook section discusses emerging opportunities and remaining challenges in further optimizing ETLs
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1. Introduction

Over the past decade, perovskite solar cells (PeSCs) have
exhibited a steep increase in power conversion efficiency (PCE),
reaching approximately 27.0% for single-junction devices,
thereby establishing PeSCs as one of the most promising next-
generation photovoltaic technologies.’” Early efficiency gains
were primarily driven by the conventional n-i-p architecture;
however, the inverted p-i-n configuration has rapidly matured
and, in many cases, surpassed n-i-p devices in both efficiency
and operational stability (Table 1). As a result, inverted PeSCs
have attracted growing attention due to their low temperature
processability, reduced hysteresis, and strong compatibility
with flexible and tandem device architectures.

The operating principle of PeSCs begins with photon
absorption in the perovskite layer, generating electron-hole
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viability of inverted PeSCs and their integration into high-performance tandem solar cells.

pairs. Owing to the low exciton binding energy of perovskites,
these photogenerated species readily dissociate into free
carriers at room temperature. The built-in electric field and
interfacial energy-level offsets then drive carrier transport, with
electrons selectively extracted across the perovskite/electron-
transporting layer (ETL) interface to the cathode and holes
transported through the hole-transporting layer (HTL) toward
the anode. The overall PCE is therefore governed by the balance
between charge generation, transport, recombination, and
extraction. In particular, interfacial nonradiative recombina-
tion, defect-assisted trap states, ion migration, and chemical
reactions at selective contacts critically affect both efficiency
and operational stability. These considerations underscore the
central role of interface engineering in optimizing PeSC
performance and durability.

A pivotal factor enabling this progress has been the
successful implementation of hole-selective self-assembled
monolayers (SAMs) at the bottom electrode/perovskite
interface.”® SAMs allow precise work function (WF) tuning
while minimizing parasitic absorption and simultaneously
improving interfacial passivation and charge extraction. These
advantages have translated into higher device efficiencies,
improved reproducibility, and enhanced stability. Accordingly,
extensive SAM-focused studies and reviews have firmly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the state-of-the-art photovoltaic performance of conventional (n—i—p) and inverted (p—i—n) PeSCs*

Structure Device configuration

Cell area (cm?) PCE (%) MPP tracking

Encapsulated Ref.

p-i-n  FTO/CbzNaph: JJ24/Csq,sFAg gsMAg. 1PbL,/ 0.0712
EDAI/Cg,/SnOx ALD/Ag

p-i-n  ITO/NiO,/Me-4PACz/Csg osMAg. 1FAg g5sPbIs/ 0.05556
piperazinium diiodide/PCs;BM/BCP/Ag

p-i-n  ITO/PhPAPy/FA)oMA, 45CSo.05PbIs/ 0.074
3MTPAI/Cg,/BCP/Ag

p-i-n ITO/D4PA/Csg.05FAq.gsMA, 1PbI,/ 0.0412
p-F-PEAI/C4o/BCP/Ag

p-i-n  ITO/PATPA + OMe-PhPACZ/FA, gsMA, 0.0715
Csy.05Pbl;/piperazinium diiodide/Cgo/BCP/Cu

p-i-n  FTO/NiOx/Me-4PACZ/CSg o5(FA.0sMAg 02)o.0s  0.09
Pb(T5.65B0.01)3/PCo; BM/BCP/Ag

p-i-n  ITO/Me-4PACz/Csq, o5FAg 9 MA o5sPbI,/ 0.15
PCNI2-BTI/BCP/Ag

p-i-n  ITO/MPACPA/CSq 04(MAo.05FA¢.05)0.96 0.0625
Pb(To.65BT0.05)3/SPS/Ceo/BCP/AZ

p-i-n ITO/MPA-CPA/Csg;5FAg gsPbI, ¢Cly o/ 0.06
(PiEA)PbI,/PCq,BM/BCP/Ag

n-i-p  FTO/SnO,/ZnTPPS/Csy osFAg.o5PbL;/ 0.0618
Spiro-OMeTAD/Au

n-i-p ITO/SnO, (HS)/FAPbI;/PEAI/Spiro- 0.08
OMeTAD/Au

n-i-p  ITO/SnO,/FAg.44CSo.0sPbL;/CISQD/ 0.0590
Spiro-OMeTAD/Ag

n-i-p  FTO/Sn0,/AICLy/(FAy.53MA0sRbg.12) 0.102
Pb(Ip.04Bro.06)3/PEAI/Spiro-OMeTAD/Au

n-i-p FTO/SnO,/FAPbI;/MeO-PEAI/Spiro-OMeTAD/Au 0.093

n-i-p FTO/SnO,/FA.95MAy 05Pb(Io.05B1¢.05)s/ 0.05
MeS-HAI/Spiro-OMeTAD/Au

n-i-p ITO/LC-modified SnO,/(FA¢.70CSo.04Rbo.02 0.10

MA, 25)Pb(Io.57B10.01Clo.12)s/PEAL/
Spiro-OMeTAD/Ag

“ MPP: maximum power point/RT: room temperature.

established buried bottom-interface engineering as a corner-
stone of high-performance inverted PeSCs.*™*

In contrast, despite the substantial advances at the bottom
interface, the long-term operational stability of inverted PeSCs
is increasingly dictated by processes occurring at the upper
device stack, comprising the perovskite top surface, the ETL,
and the metal cathode. Recent studies on upper-interface
engineering have shown that surface defects,"*® interfacial
chemical reactions,”™ and suboptimal energy-level
alignment®*>* at these junctions can accelerate nonradiative
recombination and trigger degradation pathways such as ion
migration and electrode corrosion. In addition, commonly used
fullerene-based ETLs, including Ce, and phenyl-Cg;-butyric acid
methyl ester (PCq;BM), often suffer from thermal and
morphological instabilities, which further amplify interfacial
degradation under prolonged operational stress.”** These
insights highlight that stability-driven device design must
extend beyond bottom-interface optimization to encompass
comprehensive control over the perovskite top surface and
upper-contact architecture.

In this review, we classify the stability bottlenecks at the
upper interfaces of inverted PeSCs into key aspects of perovskite
surface defects, energy-level misalignment, inefficient heat

© 2026 The Author(s). Published by the Royal Society of Chemistry
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25.83  Tog: 400 h (30 °C, N, atmosphere) X 41
25.30 To0.17: 1000 h (40 £ 5 °C, N, atmosphere) X 42

dissipation, and the intrinsic instability of ETLs. Correspond-
ingly, we discuss stabilization strategies for the upper device
stack across three hierarchical levels: (i) perovskite/ETL inter-
face engineering, (ii) the development of Cgo-alternative ETLs,
and (iii) ETL/cathode interface design (Fig. 1). Finally, we
outline future directions toward reliable perovskite photovol-
taics, encompassing both single-junction and tandem device
architectures. Collectively, this review bridges fundamental

Stability Bottlenecks at Top Interfaces
(3 ETLI/Cathode Interface
- Energy level mismatch (ETL/Cathode)

- Metal contact corrosion

@ETL
- Photo- and thermal instability

- Poor interfacial compatibility with perovskite

Perovsyite

@ Perovskite/ETL Interface
- Perovskite surface defects

- Energy level mismatch (Perovskite/ETL)
- Light-, heat-, moisture- vulnerable perovskite

- Poor heat dissipation

Fig. 1 Schematic of stability bottlenecks at the top interfaces in
inverted PeSCs.
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interfacial understanding with practical design guidelines for
achieving long-term stable PeSCs.

2. Stability issues in top layers of
inverted PeSCs

2.1. Surface defects of perovskites

Metal-halide perovskites (MHPs) crystallize in the ABX; struc-
ture, where A is a monovalent cation (methylammonium (MA"),
formamidinium (FA"), or cesium (Cs')), B is a divalent metal
cation (Pb** or Sn**), and X is a halide anion (Cl~, Br, or I").
The A-site cations occupy the cavities of the lattice, while corner-
sharing [BX¢]'~ octahedra form the inorganic framework.
Owing to their ionic bonding and mechanically soft lattice,
MHP thin films inherently accommodate a high density of point
defects, which are preferentially concentrated at surfaces and
grain boundaries where structural rigidity is low.**** These
defects include vacancies (V,, Vpp, and V), interstitials (A;, Pb;,
and X;), and antisite defects (App, Pba, Ax, Pbx, Xa, and Xpp)
(Fig. 2a).*>* MHPs are often described as defect-tolerant
materials because many intrinsic point defects introduce
shallow electronic states near the band edges rather than deep
mid-gap traps. Nevertheless, shallow defects can
substantially influence nonradiative recombination, ion
migration, interfacial energetics, and long-term stability.***

even
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Under continuous illumination, electrical bias, or thermal
stress, these initially benign defects may evolve into deep traps
or activate defect-mediated processes such as ion migration and
phase segregation.*® Consequently, defect tolerance in terms of
electronic structure does not directly translate into structural or
operational stability, and defect formation and passivation
remain central challenges in perovskite photovoltaics.
Importantly, shallow defects also play a pivotal role in the
temporal evolution of degradation. Under-coordinated Pb**
species, for example, act as nonradiative recombination centers
that limit optoelectronic performance and can be irreversibly
reduced to metallic Pb° thereby undermining chemical
stability.*** Iodide interstitials facilitate halide migration and
can accelerate phase transitions, such as the cubic-to-hexagonal
transformation, which compromise structural integrity.>
Vacancies further exacerbate degradation by lowering migration
barriers, enabling a continuous redistribution of ionic
species.”*® Through these coupled processes, initial surface
defects act as nucleation sites for a self-amplifying defect-
generation cycle, progressively increasing trap density,
enhancing Shockley-Read-Hall recombination, and driving
gradual losses in open-circuit voltage (Voc) and fill factor (FF),
even when the initial device efficiency is high. Thermal and
mechanical factors further intensify defect formation at the
perovskite surface. High-temperature annealing promotes the
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(a) Schematic diagram of the perovskite structure and point defects; V4 (cation vacancy), Vy (halide vacancy), Ve, (lead vacancy), Pb; (lead

interstitial), and Pby (lead antisite) defects. (b) Schematics of O, induced perovskite degradation steps. (c) Energy diagram at ETL/perovskite
contact. (d) Schematic band diagrams illustrating QFLS—Voc mismatch in PeSCs arising from interfacial energy-level misalignment.
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evaporation of volatile MA'/FA" cations and halide species,
leaving Pbl,-rich regions and under-coordinated Pb>" sites. In
parallel, residual tensile strain arising from rapid solvent
evaporation or thermal expansion mismatch lowers defect
formation energies, rendering the lattice more susceptible to
vacancy generation during subsequent operation.’”*° As
a result, defects in MHPs are not static imperfections but
dynamic entities that continuously proliferate throughout the
device lifetime.

The vulnerability of surface defects is further amplified by
exposure to extrinsic environmental stimuli, particularly at the
top surface of inverted PeSCs. Unlike the buried HTL/perovskite
interface, the perovskite top surface is directly exposed to
oxygen, moisture, and ambient contaminants during and after
fabrication. Under illumination, photogenerated electrons can
reduce adsorbed O, to superoxide (O, ), which is a highly
reactive species (Fig. 2b).Y” O, extracts protons from MA",
forming methylamine and water, while parallel oxidation
pathways generate I, or HI. The loss of A-site cations destabi-
lizes the perovskite lattice, leading to decomposition into Pbl,
and the release of volatile iodine-containing species. Each
decomposition step creates additional halide vacancies and
under-coordinated Pb>" sites, thereby feeding back into the
intrinsic defect-generation cycle and accelerating long-term
degradation. Moisture induces similarly detrimental path-
ways.®® Water molecules penetrate into grain boundaries and
form hydrated intermediates such as MAPbI;-H,O and even-
tually (MA),Pbls-2H,0. These hydrated phases distort the
[PbIg]*~ octahedral framework, weaken A-site binding, and
markedly increase ionic mobility. Beyond direct chemical
decomposition, hydration significantly lowers the activation
energy for halide migration, amplifying secondary defect
formation and accelerating the loss of crystallinity.

Taken together, the top surface of inverted PeSCs represents
the most vulnerable region where intrinsic defect dynamics and
extrinsic degradation pathways converge. Surface defects
initiate ionic redistribution, environmental species chemically
destabilize the lattice, and illumination and electrical bias
further reduce migration barriers. This synergistic interplay
leads to a time-dependent expansion of defect populations and
cumulative structural decomposition. Ultimately, these
processes manifest as reduced carrier lifetimes, enhanced
nonradiative recombination, and progressive deterioration of
device efficiency and operational stability.

2.2. Energy level alignment between perovskites and the ETL

Fullerene-based ETLs are widely employed in inverted PeSCs
due to their high electron mobility and compatibility with low-
temperature processing. Nevertheless, voltage losses and
stability limitations in fullerene-contacted inverted PeSCs can
originate from multiple interfacial factors, including (i) Fermi-
level pinning induced by interfacial states that masks the
intended band alignment,*"®* (ii) trap-assisted recombination
at the perovskite/ETL interface,**** and (iii) bias-/illumination-
activated interfacial reactions that generate new defect states
over time.®® In this section, we specifically focus on an

© 2026 The Author(s). Published by the Royal Society of Chemistry
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alignment-driven instability pathway at the perovskite/ETL
interface, where the energetic offset governs interfacial charge
accumulation and the subsequent electrostatic and ionic
responses during operation.

Common fullerene-based ETLs possess relatively deep lowest
unoccupied molecular orbital (LUMO) levels (e.g., PCy;BM:
—3.9 eV, PC,;BM: —4.2 eV, Cg: —4.1 €V, Cyo: —4.0 eV, ICBA:
—3.7 eV, and Bis-PC,BM: —3.8 €V).*”7> When the ETL LUMO
lies substantially below the perovskite conduction band
minimum (CBM), a large negative energetic offset (static ener-
getic misalignment) is created, which facilitates electron
transfer from the perovskite into the ETL. While such an offset
is beneficial for efficient electron extraction, an excessively deep
ETL LUMO can lead to pronounced electron accumulation
within the ETL and at the perovskite/ETL interface, effectively
causing the ETL to function as an electron reservoir.” The
resulting negative charge density on the ETL side electrostati-
cally attracts holes and positively charged ionic species (e.g.,
MA’, FA", and V') toward the perovskite side of the interface
(Fig. 2c). This interfacial charge separation generates a strong
local electric field and enhanced band bending, dynamically
reshaping the interfacial energy landscape during device
operation.”™

In MHPs, the resulting interfacial electric field can induce
time-dependent redistribution and accumulation of mobile
ions; under operating illumination and/or applied bias, these
ionic processes are further accelerated, making the interfacial
electrostatics increasingly time-dependent (dynamic electro-
statics). As a consequence, electron selectivity at the contact is
reduced, allowing holes to approach the ETL more readily and
thereby enhancing interfacial nonradiative recombination near
the junction. Consequently, the enhanced interfacial non-
radiative recombination locally reduces the quasi-Fermi level
splitting (QFLS) by narrowing the separation between the elec-
tron and hole quasi-Fermi levels, which manifests as quasi-
Fermi level bending at the interface (Fig. 2d). The externally
measured Vo can thus be suppressed beyond what would be
expected from the bulk QFLS, resulting in an increased QFLS-
qVoc mismatch (g: elementary charge).

Because ionic redistribution occurs on relatively slow time-
scales, the extent of charge accumulation, band bending, and
contact selectivity evolves during operation. This dynamic
behavior manifests macroscopically as time-dependent voltage
and FF drifts and exacerbated hysteresis. In this regime, inef-
ficient extraction at the perovskite/ETL interface causes
photogenerated carriers to accumulate near the junction,
further increasing recombination losses and reinforcing the
degradation of charge-extraction efficiency. Over extended
operation, sustained ion accumulation at the interface can
promote additional defect formation by facilitating halide-
vacancy generation and ionic rearrangement. Ion-rich interfa-
cial regions also increase chemical reactivity with metal elec-
trodes, such as Ag, enabling interdiffusion and accelerating
contact corrosion.””” Moreover, in the presence of oxygen and
moisture, the elevated interfacial charge and ion density lowers
the activation barriers for electrochemical reactions, further
amplifying interfacial degradation and long-term instability.

Chem. Sci., 2026, 17, 10374-10410 | 10377
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To experimentally substantiate these coupled electrostatic,
ionic, and chemical degradation processes at the upper contact,
complementary diagnostics that probe both nonradiative losses
and operando interfacial evolution are essential. Absolute pho-
toluminescence quantum yield (PLQY) measurements, together
with the corresponding QFLS, provide a quantitative metric of
radiative efficiency and enable direct comparison with the
measured Vo to assess the magnitude and origin of the QFLS-
qVoc mismatch.®*® Electroluminescence (EL) under forward
bias further sensitizes contact-related nonradiative recombi-
nation and voltage losses.”®” In addition, transient
photovoltage/photocurrent (TPV/TPC), impedance spectros-
copy, and transient photoluminescence (TRPL) can resolve the
characteristic timescales of charge accumulation and ion
redistribution that underpin time-dependent voltage/FF drifts
and hysteresis.®**-** Finally, operando spectroscopy can directly
track the evolution of interfacial energetics, chemical reactions,
and ionic redistribution during operation.

2.3. Low thermal conductivity of perovskites

MHPs, owing to their predominantly ionic bonding, are inher-
ently vulnerable to extrinsic stimuli such as moisture, oxygen,

View Article Online

Review

effectively mitigate degradation induced by moisture and
oxygen, thermal instability remains a fundamental challenge
that cannot be fully addressed by encapsulation alone and
instead requires improvements in the intrinsic stability of
PeSCs. Under continuous 1-sun illumination, operating device
temperatures typically reach 40-65 °C.** In addition, substantial
internal heat is generated through carrier-related processes,
including Joule heating, bulk and interfacial recombination,
and the thermalization of high-energy photons.** Heat stress is
therefore unavoidable during operation, making effective
thermal management and intrinsic thermal robustness essen-
tial for long-term device stability.

Beyond their chemical sensitivity, perovskites suffer from
intrinsically low thermal conductivity, which further aggravates
thermal degradation. In these materials, heat transport is
dominated by lattice vibrations (phonons) rather than free
charge carriers.*® However, a combination of structural and
vibrational characteristics severely limits phonon-mediated
heat transport, resulting in a lattice thermal conductivity typi-
cally below 1.0 W m~" K at room temperature (Fig. 3a). Inef-
ficient phonon transport in perovskites can be attributed to
three primary factors. First, their crystal lattices are mechan-
ically soft and strongly anharmonic, causing phonons to prop-

heat, and light. While advanced encapsulation technologies can ~ agate slowly and undergo frequent phonon-phonon
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Fig. 3

(a) Room temperature experimental and theoretical k of perovskites. Reproduced under the terms of the CC-BY Creative Commons

Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0) from ref. 85. Copyright 2020, Wiley-VCH GmbH. (b) SEM
image of delaminated SnO, on the Cgg surface. Reproduced with permission from ref. 99. Copyright 2022, American Chemical Society. (c)
Atomic force microscopy (AFM) topography images of a perovskite film covered with Cgo, before and after thermal aging. Reproduced under
the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0) from ref. 27.
Copyright 2024, the American Association for the Advancement of Science. (d) Schematic of fullerene ETL photoreactions: dimerization of
PCg1BM under light and thermal stress and photo-oxidation of PCg;BM under combined light and oxygen exposure.
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scattering.®® This vibrational nonlinearity shortens phonon
lifetimes and substantially reduces thermal conductivity.
Second, the dominant heat-carrying phonon modes exhibit
relatively flat dispersion relations and intrinsically short life-
times, further suppressing heat transport. The presence of
heavy elements such as Pb and I exacerbate these effects by
increasing lattice distortion and phonon scattering.®” Third, the
high density of defects at surfaces and grain boundaries—
including vacancies, dislocations, and dangling bonds—acts as
additional phonon-scattering centers, reducing phonon mean
free paths and further degrading thermal transport.**°

As a result of this intrinsically poor heat dissipation, MHPs
are prone to local heat accumulation under thermal stress,
which activates a cascade of coupled degradation processes.
Elevated temperatures promote the decomposition of perov-
skites into PbX, and volatile AX-derived species, leading to
irreversible loss of the perovskite phase and a concomitant
increase in defect density.>*> The soft and anharmonic lattice
also facilitates thermally driven phase transitions, such as the
transformation from the photoactive black a-phase to the non-
perovskite yellow 3-phase in iodide-based compositions.”***
Simultaneously, higher temperatures significantly accelerate
the migration of mobile ionic species, including halide anions
and A-site cations, resulting in halide segregation and local
compositional inhomogeneity.'®**® Thermally activated ion
migration further intensifies interfacial reactions with charge-
transport layers and metal electrodes, promoting the forma-
tion of interfacial defects and corrosion products that impede
charge extraction and exacerbate performance loss. Collectively,
these thermally induced processes underscore that inefficient
heat dissipation is not merely a secondary issue but a central
driver of structural, electronic, and interfacial instability in
PeSCs. Consequently, engineering more efficient heat-
dissipation pathways and thermally robust interfacial archi-
tectures has emerged as a critical strategy for achieving long-
term thermal stability in perovskite solar cells.

2.4. Instability of ETL materials

Fullerene-based ETLs, such as Cg, and PC4BM, are widely
employed in inverted PeSCs owing to their high electron
mobility and energetically favorable alignment with the perov-
skite CBM. However, their intrinsically nonpolar molecular
nature results in poor interfacial compatibility with the highly
polar perovskite surface, leading to weak interfacial adhesion
and substantial interfacial recombination losses.?”** Although
the introduction of polar functional groups has been explored
to improve compatibility, such modifications are intrinsically
limited in fullerene systems due to their rigid cage structure and
synthetic constraints. This weak interfacial compatibility
becomes particularly problematic in Si-perovskite tandem
architectures, where additional contact layers are required. For
example, delamination of tin oxide (SnO,) deposited on PC4;BM
by atomic layer deposition (ALD) has been observed, originating
from the intrinsically weak physisorption-dominated adhesion
at the PC¢;BM/SnO, interface (Fig. 3b).” Subsequent thermal
processing and sputtering steps, such as indium zinc oxide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(IZO) deposition, further exacerbate this issue by introducing
mechanical and thermal stress, ultimately promoting stick-slip-
type interfacial separation.

Beyond interfacial compatibility with adjacent contact
layers, fullerene-based ETLs also suffer from intrinsic material
instability under prolonged thermal and illumination stress. As
shown in Fig. 3c, although Cg, initially forms a uniform and
fully covered layer on the perovskite surface, extended thermal
aging induces severe molecular aggregation, resulting in
incomplete surface coverage.”” PCqBM exhibits similar
behavior under continuous thermal annealing and light-
soaking conditions, where pronounced aggregation and
pinhole formation are observed in perovskite/PCs;BM
films.****** This morphological instability arises from the weak
perovskite-fullerene interactions and high surface energy of
fullerene molecules, which promote self-aggregation during
thermal aging. Consequently, incomplete coverage (often <80%)
and aggregated morphologies lead to non-uniform interfacial
contact, discontinuous electron-transport pathways, increased
series resistance (>10 Q c¢m?), and enhanced trap-assisted
recombination, with carrier lifetimes reduced to tens of nano-
seconds or less.'”"** Importantly, repeated reports of
morphological instability—stemming from limited solubility,
poor film uniformity, and aggregation-induced degradation—
persist despite extensive efforts to chemically modify fullerene
derivatives.'” This indicates that such instability is not
confined to specific molecular structures but is instead an
inherent limitation of fullerene-based ETLs. As a result,
intrinsic morphological instability represents a major bottle-
neck for achieving long-term operational stability in inverted
PeSCs.

Beyond morphological degradation, fullerene-based ETLs
are vulnerable from chemical and photochemical stability
perspectives. Even under oxygen-free (inert) conditions, photo-
excited fullerenes can undergo photodimerization through
cage-cage bonding (Fig. 3d), which alters charge-transport
properties and modifies the trap-state distribution within the
ETL. These changes can induce early-stage performance fluc-
tuations, such as burn-in behavior, and contribute to long-term
degradation.’®® Under simultaneous exposure to light and
ambient oxygen, functionalized fullerenes such as PCsBM
undergo photo-oxidation, forming epoxide and carbonyl defects
on the fullerene cage.'*”"'* Notably, oxidation of less than 1% of
the fullerene content has been reported to significantly reduce
Voc, short-circuit current density (/sc), and FF by lowering
electron mobility and introducing deep trap states, resulting in
rapid efficiency loss.'® Similar photo-oxidative degradation
pathways have been widely observed across structurally related
fullerene derivatives."** Taken together, the stability limitations
of fullerene-based ETLs arise from the coupled effects of poor
interfacial compatibility, intrinsic morphological instability,
and susceptibility to both oxygen-free photoreactions and
photo-oxidation under ambient conditions. These fundamental
constraints underscore the need for alternative ETL design
strategies that move beyond fullerene-based systems to achieve
robust long-term stability in inverted PeSCs.
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3. Top layer engineering for inverted
PeSCs

Numerous surface defects—vacancies, interstitials, and anti-
sites—can trap charge carriers, promote ion migration, and
induce local heating in perovskites. A widely employed strategy
to neutralize these ionic trap sites is Lewis acid/base passiv-
ation, in which charged molecules or ionic additives provide
electrostatic compensation."*>*** In this framework, Lewis acids
act as electron-pair acceptors, whereas Lewis bases donate
electron density to under-coordinated species. Typical Lewis
acids include cationic species and fluorinated aromatics; the
strong electronegativity of fluorine withdraws electron density
from the aromatic ring, generating partial positive character
that can bind with halide anions and thereby mitigate halide-
related interfacial defects. Lewis bases encompass N-, O-, S-,
and P-donor groups (e.g., -NH,, -CN, C-O, 0=S=0, and P=0),
which coordinate with under-coordinated Pb*" sites. Beyond
defect passivation, the intrinsic dipole moments of these
molecules—or appropriately engineered substituents—can
modulate the interfacial vacuum level, enabling more favorable
band alignment between the perovskite and adjacent ETLs.
Consequently, functional molecules and ionic additives bearing
these groups not only suppress surface defects but also
contribute to energy-level alignment, protective capping-layer
formation, and improved thermal dissipation. The following
section highlights representative organic and inorganic modi-
fiers that leverage these functionalities to simultaneously
control defects and optimize perovskite interfaces.

3.1. Perovskite/ETL interface engineering

3.1.1. Organic interlayers at the perovskite/ETL interface.
Accordingly, bottlenecks at the top (perovskite/ETL) interface
can be mitigated through an integrated molecular-design
approach that employs nanometer-scale organic interlayers
capable of simultaneously (i) suppressing defect- and ion-
mediated recombination,"* (ii) reconfiguring band alignment
through molecular dipoles,**® (iii) establishing stepwise energy
alignment to block holes and accelerate electron extraction,*
and (iv) enhancing device durability by introducing hydro-
phobic, ion-trapping motifs.'’” Representative interlayer strat-
egies include (i) charge-transfer-bridge fullerene layers that
combine defect passivation with electron bridging, (ii) dipolar
salts, (iii) functionalized fullerene electrolytes, and (iv) thin
organic spacers that moderate direct Cg, contact while retaining
efficient electron extraction.

In inverted devices with the structure indium tin oxide (ITO)/
NiO,/SAM/FA, oCs 1 Pbl, oBr, 1 /interlayer/PCq BM/bath-
ocuproine (BCP)/Ag (Fig. 4a), Mo et al. addressed this by intro-
ducing a phosphonic-acid-fullerene conjugate (CPPA)."*® The
phosphonic acid group passivates perovskite surface defects,
whereas the fullerene backbone forms a charge-transfer bridge
to PCeBM. This single molecule therefore unifies defect
passivation, dipole-driven energy-level tuning, and electron
bridging, collectively lowering interfacial recombination and
accelerating extraction. As a result, both Voc and FF increase
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relative to using a simple phosphonic-acid layer, and the
champion PCE improves from ~22% to ~24-25% in FAg o
Cs.1PbI, oBrg 4 and C50.05(FA¢.08MA¢ 02)0.95Pb(I0.08BT0.02)3
absorbers respectively. Mechanistic characterization using
density functional theory (DFT) reinforces this picture: Fig. 4b
shows CPPA located precisely at the perovskite/PCq;BM contact
to create a dedicated electron-transfer channel. Charge-density-
difference (Ap) and electron-localization-function (ELF) maps
indicate multisite cooperative binding through O-Pb coordi-
nation and OH---I hydrogen bonding, accompanied by
strengthened conjugation across the PCq;BM-perovskite inter-
face. Ultraviolet photoelectron spectroscopy (UPS) further
reveals an upward shift of the Fermi level and conduction-band
edge, evidencing a reduced electron-extraction barrier, which
manifests electrically as decreased series resistance and
increased shunt resistance (Fig. 4c). Stability improvements are
equally notable, highlighting the synergistic effects of CPPA-
enabled top-interface engineering.

A second notable example is a dipolar organic salt, piper-
azinium diiodide, introduced by Zheng et al. as a multifunc-
tional surface modifier that concurrently alleviates deep traps
and unfavorable band alignment.”> Unlike conventional
ammonium halides that readily induce low-dimensional pha-
ses, piperazinium diiodide predominantly remains in its
molecular form on the surface, suppressing the deprotonation
reaction between A-site cations and the formation of deep-level
defects (iodine interstitials) on the surface. X-ray photoelectron
spectroscopy (XPS) analysis in Fig. 4d indicates that the control
sample exhibits a peak assigned to deprotonated FA (C-N, ~399
eV), whereas no FA-related signal is detected for the piper-
azinium diiodide-treated film. Instead, a weak peak corre-
sponding to piperazinium diiodide (C-N-C, ~402 eV) is
observed. According to DFT calculations, the formation energy
of iodine interstitials increases from 1.403 eV to 3.459 eV upon
piperazinium diiodide adsorption, suggesting that piper-
azinium diiodide inhibits the formation of surface iodine
interstitial defects (Fig. 4e). Depth-profiling UPS reveals
a downward band bending in the piperazinium diiodide-treated
perovskite, which facilitates electron extraction while sup-
pressing hole backflow. This behavior is attributed to the
positively charged -NH," moieties in piperazinium diiodide,
which act as electron-withdrawing groups and draw electron
density from interfacial Pb and I species, thereby establishing
an interfacial dipole and an enhanced built-in electric field
(Fig. 4f). These interfacial modifications translate directly into
record photovoltaic performance. In devices with FTO/SAM/
Cso.05(FAo.0sMAg 02)0.05Pbls/interlayer/Cgo/BCP/Cu, a champion
PCE of 26.15% (certified 25.87% and quasi-steady-state 25.52%)
is achieved with Vo = 1.18 V and FF = 86.2%, while a 1.028 cm?
device delivers 24.18%, demonstrating scalability. Stability is
likewise exceptional, with unencapsulated devices retaining
94.2% of initial PCE after 1000 h of maximum power point
(MPP) tracking and 90.4% after 4500 h at 85 °C.

To effectively mitigate traps and hysteresis at the top inter-
face, it is essential to target both positively charged metal
defects (under-coordinated Pb**/Sn**) and negatively charged
defects (Vo~ and X; ). In inverted devices configured as FTO/

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Device architecture and chemical structure of CPPA. (b) DFT Ap maps for representative adsorption models on the perovskite surface,

vertically integrated Ap profiles, and the ELF of the CPPA/PCgBM/perovskite stack. (c) Energy band diagram. Reproduced with permission from
ref. 118. Copyright 2025, Wiley-VCH GmbH. (d) N 1s XPS spectra of control and piperazinium diiodide-treated perovskite films. (e) DFT formation
energies of iodine-interstitial defects with and without piperazinium diiodide; the model of piperazinium diiodide adsorption on Pbl,-terminated
FAPDbI3(100). (f) Energy-level diagrams of perovskite/Ceo and perovskite/piperazinium diiodide/Ceo heterointerfaces, highlighting the reduced
extraction barrier with piperazinium diiodide. Reproduced with permission from ref. 22. Copyright 2024, The Royal Society of Chemistry. (g)
Schematic of the Cgo-DBI-1/perovskite interaction. (h) ESP profiles of Cgo-DBI-F, -Br, and -I. (i) Pb 4f (left) and | 3d (right) XPS spectra of the
perovskite films with/without C¢o-DBI-R. Reproduced with permission from ref. 119. Copyright 2023, Elsevier Ltd. (j) Schematic of perovskite/Cgg
contact with and without the OA-interlayer. (k) XPS spectra of Sn 3d core levels for perovskite films, without and with OA-post treatment. () Band
alignment diagrams. Reproduced with permission from ref. 120. Copyright 2024, American Chemical Society.

NiO,/MAPbI;/interlayer/PCs;BM/SnO,/Ag, =~ Wang et al
addressed this dual requirement by designing a halogen- and
quaternary-ammonium-functionalized fullerene (Cgo-DBI-R)
that can passivate both positively and negatively charged
defects due to its ionic ammonium-salt motif, providing
complementary charge sites at the perovskite interface
(Fig. 4g).""° DFT-derived electrostatic potential (ESP) maps show
that the negative potential is concentrated on the counter halide
in the ammonium-salt group, enabling strong electrostatic
binding to under-coordinated metal-cation (Pb®") defects
(Fig. 4h). Meanwhile, the cationic ammonium group (-
NR,H, ,') can electrostatically stabilize negatively charged

© 2026 The Author(s). Published by the Royal Society of Chemistry

defect sites and halide-rich surface species, thereby realizing
dual-channel defect passivation. This bidirectional repair of
incomplete surface coordination suppresses ion migration and
reduces trap density which can be identified from the XPS data
in Fig. 4i. The Pb 4f and I 3d peak shifts after C¢-DBI-R treat-
ment suggest interfacial electrostatic interactions between
halide anions and undercoordinated Pb>" and between
ammonium cations and I". As a result, surface traps and
interfacial charge accumulation decrease, mitigating Voc and
FF losses and suppressing hysteresis. Performance trends are
consistent with this mechanism. Across the halogen series, Cgo-
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DBI-F/Cl/Br/I achieves PCEs of 20.31/20.70/19.93/19.44%,
respectively, while the unmodified device remains at 18.58%.
In Sn-Pb narrow-bandgap (NBG) devices, the relatively larger
conduction band offset at the perovskite/Cg, interface can lead
to severe misalignment with the ETL. Moreover, surface Sn>*
oxidizes to Sn** upon exposure to air and moisture, inducing p-
type doping and increasing the minority-carrier density at the
perovskite/ETL interface. To address these issues, Maxwell et al.
inserted a thin oleic acid (OA) interlayer between the perovskite
and Cg, which serves as both a buffer and a passivation layer
(Fig. 4j).*** XPS shows that OA treatment slightly shifts the Sn
3ds, and Sn 3ds;, peaks to lower binding energy, indicating
carboxylic-acid coordination to surface Sn>*, while simulta-
neously reducing the Sn** fraction (Fig. 4k). By suppressing the
formation of Sn*" sites, the OA interlayer strengthens surface n-
type character and shifts the Fermi level upward by ~0.25 eV,
thereby lowering the minority-carrier concentration at the Cgo
interface (Fig. 41). As a result, OA modification of the NBG top
interface enabled the fabrication of monolithic tandem solar

b.
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3.1.2. Inorganic interlayers at the perovskite/ETL interface.
In contrast to organic molecular agents, inorganic interlayers
have recently emerged as a robust and multifunctional strategy
for stabilizing the perovskite/ETL interface.******* While
organic modifiers are highly versatile—providing tunable
dipoles and effective defect passivation—their thermal and
environmental stability remains limited. Inorganic species such
as metal oxide clusters, ultrathin oxides, and metal-fluoride or
organometallic complexes offer stronger chemical bonding to
surface cations, more effective suppression of ion migration,
and greater resistance to moisture, oxygen, and heat. These
attributes not only mitigate the chemical reactivity at the
perovskite/Cg, interface but also introduce intrinsic dielectric
screening and favorable band-edge modulation, thereby
addressing both electronic and stability bottlenecks.
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Importantly, many inorganic interlayers are compatible with
industrially scalable processes including ALD and thermal
evaporation, positioning them as promising candidates for
tandem-ready device architectures.

Li et al. demonstrated that molecularly tailorable titanium
oxide clusters (CTOCs) serve as highly effective inorganic
interlayers at the perovskite/ETL interface. CTOCs, constructed
from Ti-O-Ti cage frameworks and functionalized with ligands
(phenyl (CTOCPh), p-fluorophenyl (CTOCPh-F), and penta-
fluorophenyl (CTOCPh-5F)), provide atomic-level structural
precision and establish strong quadrupole-dipole interactions
with the adjacent Cg, layer.”” As depicted in Fig. 5a, the CTOC-
series clusters exhibit a doughnut-like structure with an inner
diameter of 0.83 nm, matching well with the size of a single Ce,
molecule to restrain the Cqo movement under heating. The
negatively polarized F-substituted phenyl groups on CTOCs
enable Pb-F bonds with the Pbl,-rich (100) termination of the
perovskite, showing strong binding between perovskite and
clusters (Fig. 5b). By forming a lattice-matched cluster/
perovskite interface, the interlayer alleviates the strain and
lattice distortion that develop during aging. Moreover, the
strong electronegativity of the fluoro group modulates the WFs
which facilitates charge transfer between the perovskite and Cg,
(Fig. 5c). When incorporated into inverted PeSCs (ITO/
CbzNaph/FA, goMAy 14CS.06PbI3/CTOC derivatives/Cqo/BCP/Ag),
CTOCPh-5F yielded a champion PCE of 25.6% (Voc = 1.18 V; FF
= 84.90%), with excellent durability—retaining 98% of initial
PCE after 1500 h of MPP tracking and 93% after 1000 h at 85 °C.
These results highlight how inorganic molecular clusters can
concurrently deliver defect passivation, quadrupole anchoring,
and long-term operational stability.

Liu et al. further showed that inserting a ~1 nm ultrathin
metal fluoride (MgF,) layer by thermal evaporation at the
perovskite/Ce, interface effectively prevents direct fullerene—
perovskite contact, thereby reducing interfacial nonradiative
recombination and lowering mid-gap defect states.’** UPS and
low-energy inverse photoemission spectroscopy (LE-IPES)
measurements reveal favorable downward band bending upon
MgFy insertion, with the perovskite CBM shifting closer to the
Fermi level and aligning more optimally with the Cso LUMO
(Fig. 5d). This effect is attributed to an interfacial dipole
generated by sub-stoichiometric MgFy (x = 1.0 %+ 0.2), which
lowers the local WF and drives electrons toward Cg, (Fig. 5€).
The ultrathin MgF, layer still allows efficient electron tunneling,
maintaining selective contact functionality. Implementing this
modification in monolithic Si-perovskite tandems (Si bottom
cell/2PACz/Csg 05FAg.sMAg 15Pb(Iy 755Br0 255)s/metal fluoride/
Ce0/SN0,/1Z0/Ag/MgFy) yielded a certified stabilized PCE of
29.3%, with a Voc of 1.92 V and FF of 80.70%. Damp-heat
testing (85 °C, 85% RH) demonstrated >95% retention after
1000 h, underscoring the dual performance-stability advan-
tages of inorganic fluoride layers.

Artuk et al. advanced this strategy by introducing an ALD-
grown aluminum oxide (AlOyx) layer as a universal inorganic
interlayer for the perovskite/Ce, interface.** Unlike hygroscopic
alkali fluorides (NaF, LiF, and MgFy), ALD-AlOx produces an
ultrathin (~1.4 nm), conformal crystalline layer that chemically

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interacts with surface Pb-halide species. XPS analysis shows
that AlOx and its precursor (trimethylaluminum, TMA) react
with residual PbI;~ and Pb° oxidizing Pb° to Pb** and elimi-
nating shallow donor-like states that contribute to nonradiative
loss (Fig. 5f). This process reduces the n-type surface character,
evidenced by a 0.2 eV upward shift in the valence band
maximum (VBM) and an increased WF, producing more
balanced band alignment and reduced majority-carrier offsets
at the perovskite/Cg junction (Fig. 5¢ and h). When the dense
AlOy layer was applied to monolithic Si-perovskite tandems (Si
bottom cell/ITO/Me-4PACz/SiO,-NP/
C80.05(FA0.oMAg.1)0.95Pb(I.5BT¢.2)3/ALD-AlO/Cgo/SNOx/1ZO/Ag/
LiF), a certified efficiency of 29.9% was achieved with a Vo¢
exceeding 1.92 V. The operational stability tests were conducted
for 140 h, after which the champion AlOy device retained 94.5%
of its initial efficiency, whereas the device without AlOx retained
only 70%.

Taken together, the studies discussed above highlight
several practical design strategies for organic and inorganic
modifiers that enable high-performance and durable
perovskite/ETL contacts. The most effective interlayers are
multifunctional, simultaneously (i) passivating defect- and ion-
mediated nonradiative recombination pathways, (ii) tuning
band alignment through interfacial dipoles or band bending,
and (iii) retaining—or even enhancing—efficient interfacial
charge transfer rather than acting as an insulating barrier.
Organic modifiers offer exceptional tunability in terms of dipole
moments, binding motifs, and hydrophobicity; however, their
thermal and environmental robustness can be limited. In
contrast, inorganic interlayers generally provide stronger
interfacial bonding, more effective suppression of ion migra-
tion, and improved tolerance to heat and moisture, often with
superior process compatibility for tandem architectures and
scalable deposition techniques such as ALD or thermal evapo-
ration. From a manufacturability perspective, a critical
requirement is achieving nanometer-scale interlayers with
conformal, pinhole-free coverage. Such layers must preserve
selective contact behavior while minimizing local recombina-
tion sites. Encouragingly, several approaches have already
demonstrated both large-area scalability and long-term opera-
tional stability, suggesting that these emerging design princi-
ples can directly inform device architectures that are not only
highly efficient at the laboratory scale but also viable for
industrial manufacturing.

3.1.3. Low dimensional perovskite (LDP) capping layers.
Before discussing specific examples, it is important to distin-
guish between conventional organic/inorganic interlayers and
LDP capping layers. Conventional interlayers are generally
introduced as electronically functional modifiers that tune
interfacial energetics or suppress recombination without
fundamentally altering the crystal lattice of the underlying
perovskite. In contrast, LDP capping layers involve structural
reconstruction of the surface into reduced-dimensional perov-
skite phases through the incorporation of bulky organic
cations. Although both strategies aim to enhance device
stability and optimize interfacial charge transfer, their domi-
nant mechanisms differ. Interlayers primarily operate through
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dipole-induced band bending and defect passivation via
chemical coordination, whereas LDP capping layers addition-
ally provide structural stabilization through lattice reorganiza-
tion and hydrophobic surface protection. Recent advances
increasingly blur this distinction, as multifunctional molecular
designs now integrate physical blocking, chemical bonding,
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Surface defect sites, such as vacancies and under-
coordinated Pb*', readily adsorb and activate O, and H,O
molecules.’”>® The resulting hydration distorts the (Pblg)*~
octahedral framework, weakens the interactions between the A-
site cations and the inorganic lattice, and ultimately increases
susceptibility to extrinsic species such as moisture, oxygen, and

and band-structure modulation within a single engineered other ambient gases."”*** LDP capping layers are most
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alkylammonium chains, aromatic ammonium ions, or amidi-
nium cations paired with halides (Fig. 6a)."* These ammonium
species bind to the perovskite surface either by filling A-site
vacancies or through hydrogen bonding. When the ammo-
nium cation is sufficiently bulky, exceeding the geometrical
tolerance factor (¢ = (Ry + Rx)/v/2(Rg + Rx), where R, Rg, and
Ry are the ionic radii of A, B and X site ions, respectively)
threshold of 1, it can substitute A-site cations at the surface and
drive a structural reconstruction from the 3D perovskite into
low-dimensional phases. These include 2D perovskites—
formed by slicing the 3D lattice into layered inorganic slabs
(n)—and 1D perovskites consisting of octahedral chains
encapsulated by bulky organics and 0D structures composed of
isolated Pb-halide octahedra with strong exciton confinement
and large bandgaps.'**'%*

In general, LDP capping layers enhance PeSC stability
through three major mechanisms: (1) higher formation energy,
which thermodynamically favors crystalline retention over
decomposition; (2) hydrophobic organic spacer layers, which
block moisture ingress and suppress ion migration; (3)
improved charge transfer and interfacial energetics, arising
from reduced defect density and well-defined surface chemistry.
When bulky organic cations such as phenylethyl ammonium
(PEA") intercalate between [Pblg] ™ layers, the phenyl rings of the
organic spacers promote strong van der Waals and -
m interactions. These interactions enhance interlayer cohesion
and increase the overall formation energy, resulting in a more
robust and decomposition-resistant structure (Fig. 6b)."*®* DFT
simulations (Fig. 6¢) further show that lower-n 2D perovskites
exhibit markedly longer decomposition lifetimes, consistent
with enhanced thermodynamic stability. Additionally, the
hydrophobic nature of the organic spacer serves as an effective
barrier against moisture. The water contact angle of pristine
perovskite films (51.8°) increased to 77.2° and 74.4° following 4-
hydroxyphenethylammonium iodide (HO-PEAI) and
thiopheneethylammonium iodide (2-TEAI) treatments, respec-
tively (Fig. 6d)."*” This improvement reflects reduced water
affinity and enhanced humidity resistance, underscoring the
protective role of LDP layers in mitigating moisture-induced
degradation.

Although LDPs provide excellent moisture-resistant capping
layers, their integration into inverted device structures is
limited by unfavorable energy-level alignment. Due to quantum
confinement, LDPs typically retain a similar valence band
position while shifting the CBM upward relative to the under-
lying 3D perovskite (Fig. 7a),"*® hindering electron extraction in
inverted devices with reduced Jsc and FF. Thus, significant
efforts have been devoted to enabling the development of stable
LDP capping layers in inverted PeSCs without compromising
charge extraction.

To address both interfacial recombination and band offset
mismatches between 3D and 2D perovskites, Zang et al. intro-
duced a dipole-active molecular interlayer, 4-methoxy-
phenylphosphonic acid (MPA), between the 3D perovskite and
the top 2D layer (Fig. 7b).*** This layer simultaneously passivates
surface defects and tunes the interfacial energetics to facilitate
efficient electron extraction. MPA coordinates strongly with
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under-coordinated Pb*>* through Pb-O-P interactions, effec-
tively suppressing trap states. XPS analysis confirms higher-
binding-energy Pb 4f components after MPA treatment,
consistent with the formation of Pb-O-P bonds (Fig. 7c). In
addition, the dipole introduced by MPA shifts the Fermi level of
the 3D perovskite from 4.55 to 4.22 eV, improving its alignment
with the adjacent 2D layer (Fig. 7d). The resulting 3D/MPA/2D/
PC¢BM stack exhibits significantly enhanced electron trans-

port, yielding a PCE of 24.85% (ITO/MeO-2PACz/
C80.05(MA¢.10FA0.90)0.05Pb(10.00BT0.10)3/MPA/2D perovskite/
PCs,BM/BCP/Ag).

Zhang et al. further developed an effective interfacial strategy
by forming LDP capping layers wusing 1-ethyl-3-
methylimidazolium iodide (EMIMI), 1-vinyl-3-

methylimidazolium iodide (VMIMI), and benzylimidazolium
iodide (BzMIM) (Fig. 7e).**® The resulting crystals exhibit 1D
structures composed of face-sharing polymeric [PbI;]~ chains
surrounded by organic cations. DFT calculations (Fig. 7f) reveal
that in BzMIMPbI;, the valence band originates from the
aromatic cation while the conduction band derives from
hybridized orbitals of the inorganic chains. This intrinsic
spatial separation suppresses electron-hole recombination and
extends carrier lifetimes. Moreover, the ultrathin nature of the
1D layer allows tunneling-assisted electron extraction into Cgo.
Devices incorporating BZMIMPbI; achieved 24.09% PCE, a high
Voc of 1.204 V, and >84% FF, while also demonstrating excep-
tional thermal (92% retention after 1400 h at 85 °C) and oper-
ational stability (95% retention after 1008 h under MPP
tracking).

Li et al. introduced fluoroalkylamine-based surface mole-
cules (1FPD and 2FPD) (Fig. 7g) to improve charge transport in
2D/3D bilayer PeSCs."** While 1FPD offered modest passivation,
2FPD induced a well-oriented ferroelectric 2D layer with strong
out-of-plane dipoles due to fluorination, leading to a favorable
WF shift (4.47 eV — 4.34 eV) and improved band alignment
(Fig. 7h). Zhao et al used 5-(2-hydroxyethyl)-3,4-
dimethylthiazolium iodide (HDI) to form a 1D capping layer
that converts surface impurities (Pbl, and 3-FAPbIL;) into
a uniform 1D HDPbI; phase.* This induces an n-type-like
surface, optimizes band alignment, and enhances electron
extraction, enabling a PCE of 25.30% with an FF of 84.21%.
Wang et al. replaced the piperazinium iodide (PI) capping layer
with morpholine hydriodide (MORI) and thiomorpholine
hydriodide (SMORI) to construct a 2D/3D heterostructured
capping layer (Fig. 7i).*** SMORI, in particular, provides
stronger defect passivation and forms a more favorable n-N
homotype (i.e., an n-type/n-type junction with different doping
levels) 2D/3D junction. This shifts the surface further n-type,
aligning more effectively with the Cgo ETL and reducing inter-
facial recombination. Achieving their seamless integration
without efficiency losses would enable the development of
devices that combine high performance with exceptional
stability.

In summary, LDP capping layers demonstrate that stability
and interfacial quality can be co-optimized when surface
reconstruction, defect passivation, and moisture resistance are
engineered as an integrated interfacial system. The primary
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Fig. 7 (a) Energy level diagram of a 3D/2D perovskite bilayer. Reproduced with permission from ref. 138. Copyright 2024, Springer Nature. (b)
Schematic of interaction between MPA and 3D perovskite, representative of surface dipole moment. (c) XPS Pb 4f core level spectra of 3D, 3D/
MPA, and 3D/MPA/2D films. (d) Energy level diagrams of 3D/2D and 3D/MPA/2D perovskite heterointerfaces. Reproduced with permission from
ref. 139. Copyright 2023, Wiley-VCH GmbH. (e) Chemical structures of the imidazolium salts and architecture of the inverted PeSCs. (f) Projected
density of states of the 1D perovskites (EMIMPbIlz, VMIMPbIs, and BzMIMPbl3). Reproduced with permission from ref. 140. Copyright 2022, Wiley-
VCH GmbH. (g) ESP maps and electric dipole moment (u) of 1FPD and 2FPD molecules. (h) Structure and energy level alignment of the inverted
PeSCs. Reproduced with permission from ref. 141. Copyright 2024, Wiley-VCH GmbH. (i) Schematic illustration of the post-treatment for the
perovskite film using PI, MORI, or SMORI and a single-crystal structure based on Pl and MORI. Reproduced with permission from ref. 143.
Copyright 2024, American Chemical Society.
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trade-off is that quantum confinement in LDPs often raises the
CBM relative to that of the 3D absorber, which can impede
electron extraction in inverted devices, thereby reducing the Jsc
and FF. This interfacial trade-off can be deliberately re-tuned
using dipole-active interlayers, ultrathin 1D phases that
permit tunneling, or junction designs that render the surface
more n-type. However, even with these strategies, several prac-
tical challenges remain. Nonuniform surface conversion may
leave portions of the reactive 3D phase partially exposed,
undermining the intended protective function. In addition,
excessively thick or poorly oriented capping layers can act as
resistive barriers that hinder charge extraction. Furthermore,
under prolonged heat and illumination, the interface may
evolve over time. Dipole relaxation and ionic redistribution can
gradually reintroduce band-offset mismatches and nonradiative
recombination pathways, even when the as-fabricated device
initially exhibits excellent performance.

3.1.4. Heat dissipation layers. Heat generation in solar
cells is unavoidable, originating from both solar irradiation and
device operation. Establishing rapid heat-removal pathways is
thus essential for suppressing thermally driven degradation—
such as ion migration, phase segregation, and interfacial reac-
tions. Because perovskites possess intrinsically low thermal
conductivity and mechanically soft lattices, targeted thermal-
management strategies will be crucial for extending device
lifetime under realistic operating conditions. Given the intrin-
sically low thermal conductivity of perovskites, substantial
efforts have focused on improving heat transport within the
absorber. Two primary strategies have emerged: (1) incorpo-
rating high-thermal-conductivity materials into the perovskite
bulk and (2) enhancing thermal conduction at the perovskite
surface to accelerate vertical heat flow.

A widely adopted approach is integrating high thermal
conductivity materials directly into the perovskite matrix. Two-
dimensional materials have received particular attention due to
their exceptional thermal conductivity and chemical stability.
Liu et al. incorporated molecularly functionalized boron nitride
(BN-5) nanosheets into the perovskite as local heat-dissipation
pathways (Fig. 8a)."** BN exhibits an in-plane thermal conduc-
tivity of ~550 W m~" K™, and its incorporation increased the
thermal conductivity of the perovskite by 30.7%. Consistent
with this, real-time IR thermography confirmed enhanced heat
dissipation: BN-5 films cooled more rapidly from 85 °C to
ambient (20 °C) than pristine films (Fig. 8b), and under 30 min
of 100 mA cm™? illumination, the temperature rise (AT) was
significantly lower (21.7 °C vs. 34.6 °C) (Fig. 8c). Beyond thermal
benefits, BN-5 interacts with under-coordinated Pb*" at grain
boundaries, enabling a high PCE of 25.36% (ITO/2PACz/Csg o5
FAg.g1MA, 14PDbI, 55Br 45/PCs; BM/BCP/Cu). Device stability also
improved markedly: under 1-sun illumination at 85 °C, the BN-5
device retained over 95% of its initial PCE after 2640 h, whereas
the pristine device dropped to 63% within 587 h.

Wan et al. applied a similar strategy by introducing Ti;C,Tx
MXene nanosheets (Fig. 8d).'** With a thermal conductivity of
up to 55.8 W m ' K~!, MXene increased the thermal conduc-
tivity of the perovskite to 0.413 W m™" K '. Under ISOS-T-1
conditions (85 °C, 30 + 5% RH), MXene-modified devices
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showed no degradation after 1000 h, while control devices
degraded severely (Fig. 8e). Even under continuous aging,
MXene devices preserved 80% of their PCE after 500 h, whereas
control devices retained only 58% after 200 h.

A complementary strategy intensifies heat extraction at the
perovskite surface. By increasing the thermal conductivity at the
top interface, a steeper vertical temperature gradient is created,
thereby accelerating heat flux according to Fourier's law (Q =
—«kVT, where Q represents heat flux, « represents thermal
conductivity, and VT represents the temperature gradient). Choi
et al. implemented this concept using a hybrid interfacial
scaffold composed of Al,O; nanoparticles (NPs) embedded in
the polymeric hole-transporting material (HTM) asy-PBTBDT
(Al,O3@asy-PBTBDT) (Fig. 8f)." Due to their high thermal
conductivity (20-30 W m™* K '), Al,O; NPs formed efficient
heat-dissipation channels. Time-domain thermoreflectance
(TDTR) measurements revealed that even 0.1 wt% Al,O3
increased the through-plane thermal conductivity of the HTM
from 0.123 to 0.206 W m~' K '. Cooling tests confirmed
significantly faster temperature decay for Al,Oj;-containing
HTM layers (Fig. 8g). Under harsh conditions (85 °C and 85%
RH, no encapsulation), devices with Al,O;@asy-PBTBDT
retained 91% of their initial PCE after 31 days—substantially
outperforming pristine HTM devices and even encapsulated
Spiro-OMeTAD controls. Although the added Al,O; slightly
reduced hole mobility and Js¢, devices still achieved high Voc
(1.16 V) and 19.9% PCE (FTO/SnO,/(FA g33MA 167)Pb(I5 5Brg 5)/
Al,O;@asy-PBTBDT/Au). Notably, the strategy was broadly
compatible with various HTMs.

A third heat-management mechanism was demonstrated by
Park et al., who introduced an n-doped fullerene interlayer
(PC61B-TEG) between the perovskite and Cgo ETL.'” Doping
with 4-(1,3-dimethyl-2,3-dihydro-1H-benzimidazol-2-yl)-N,N-di-
methylaniline (N-DMBI) increased free-carrier density,
enhancing both electrical and thermal conductivity through
carrier-assisted heat transport—analogous to metallic systems.
TDTR measurements showed a 25% increase in thermal
conductivity upon doping (Fig. 8h). Cooling analysis confirmed
faster heat dissipation: the doped film cooled to 30 °C in 80 s,
compared to ~120 s for the undoped film (Fig. 8i). In addition,
n-doping shifted the Fermi level upward, improving alignment
between PC¢;B-TEG and the perovskite CBM, leading to more
efficient electron extraction, reduced interfacial recombination,
and a larger QFLS. Devices achieved 24.42% PCE (ITO/MeO-
4PACz/FA 35CS.15PbI3/PCe1 B-TEG/Ceo/BCP/Ag) and retained
90% of their initial efficiency over 2400 h at 85 °C. This
approach highlights the dual role of conductive interlayers in
enhancing both thermal transport and interfacial energetics.

Unlike heat transfer by conduction through the device stack,
a significant fraction of heat is dissipated from the device
surface into the air via convection and thermal radiation. Yu
et al. designed a triple-layer full-carbon electrode (F-CE) in
which the top dense carbon layer is intentionally used as a high
emissivity radiative-cooling layer.'*®* The triple-layer F-CE
exhibited near black-body-like emission, as quantified using
its emissivity (¢ = 0.99), exceeding that of Au (0.54) and ITO
(0.62). As a result, the F-CE can function as an efficient thermal
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Fig. 8 (a) Schematic illustration of the preparation process for BN-5. (b) Comparison of the cooling process between the pristine perovskite film
and BN-5 based perovskite films, illustrated through infrared (IR) thermal images. (c) Temperature profile of PeSCs under solar irradiation and
after the light is turned off. Reproduced with permission from ref. 144. Copyright 2025, Wiley-VCH GmbH. (d) Schematic diagram of the
multilayer TizC,Tx. (e) Image of PeSC aging evolution under ISOS-T-1 conditions. Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0) from ref. 145. Copyright 2025, Springer Nature. (f) Schematic
illustration of the PeSC using Al,Oz NPs as thermally conductive materials. (g) IR thermal images of a polymeric HTM (Asy-PBTBDT) and
AlLO=z@asy-PBTBDT under a plate-cooling test. All samples were prepared on the perovskite layer. Reproduced with permission from ref.
146. Copyright 2020, Royal Society of Chemistry. (h) Electrical and thermal conductivity of PCgB-TEG by varying the N-DMBI doping
concentration. (i) IR camera image of PCgB-TEG and n-doped PCeB-TEG. Reproduced with permission from ref. 147. Copyright 2024,
Royal Society of Chemistry. (j) IR camera-measured temperature of glass substrates coated with various electrode films. Reproduced under
the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0) from ref. 148.
Copyright 2024, Springer Nature.

radiator while retaining electrode functionality. The F-CE Recent research trends are increasingly focused on
reduced the device surface temperature by ~10 °C compared combining multiple thermal-management strategies, including
with Au, indicating more efficient heat dissipation (Fig. 8j). enhanced heat transport within the bulk and across interfaces
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together with radiative cooling at the device surface. Such
integrated approaches can lower the peak operating tempera-
ture while simultaneously controlling temperature gradients to
facilitate efficient heat dissipation. Under real outdoor opera-
tion, however, transient irradiance, wind-dependent convective
cooling, partial shading or soiling, and day-night thermal
cycling can induce hot-spot formation, localized current
crowding, and steep temperature gradients. These effects
collectively accelerate ion migration, phase segregation, and
interfacial reactions. Therefore, we emphasize that future
outdoor-relevant designs should integrate enhanced heat
conduction in the bulk and upper interfaces with high-
emissivity top-surface concepts, thereby linking thermal
management directly to improved long-term operational
stability.

3.2. Cgp-alternative ETLs

This section organizes organic ETL strategies that replace or
complement Cg, focusing on the physicochemical mechanisms
operating at the top perovskite/ETL interface. These mecha-
nisms can be broadly grouped into four functional axes. First,
molecular dipoles modulate the electron-extraction barrier by
shifting the vacuum level and inducing favorable band bending,
while simultaneously blocking holes. Second, defect-control
functionalities passivate Pb/Sn, halide, and A-site defects
through Lewis acid-base interactions, hydrogen bonding, or
ionic coordination, thereby reducing nonradiative recombina-
tion and mitigating hysteresis. Third, ion-management mech-
anisms limit halide and A-site ion migration and prevent
interfacial charge accumulation through fixed charges, elec-
trostatic interactions, or ion-blocking barriers. Fourth,
morphology and processing control ensures complete coverage,
stable packing, and thermal/photostability—achieved through
aggregation suppression, surface-energy tuning, and steric or
hydrophobic design—which expands the thickness tolerance
and improves large-area process reproducibility. Based on these
mechanistic axes, we categorize organic ETLs into (i) fullerene
derivatives and (ii) non-fullerene (NF) derivatives.

3.2.1. Fullerene-derivative ETLs. In fullerene derivatives,
the four mechanisms manifest through four corresponding
molecular-design strategies. (1) Hybrid design couples electron-
accepting fragments—such as perylene diimide (PDI), naph-
thalene diimide (NDI), or non-fullerene acceptor (NFA) units—
to integrate transport, passivation, and morphology control
within a single molecular framework, thereby widening the ETL
thickness tolerance. (2) Deposition-compatible design employs
thermally robust substituents and polar centers to retain
amorphous, low-roughness films after evaporation while
simultaneously passivating cation/anion vacancies at the
perovskite surface, reducing line-to-line process variability and
contact-resistance drift. (3) Ionic fullerene design introduces
fixed charges that neutralize defects, suppress ion migration,
and strengthen interfacial adhesion, improving device reli-
ability under long-term MPPT operation or combined thermal/
humidity stress. (4) Terminal-group engineering combines
electron-withdrawing/donating groups, Lewis-basic motifs,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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halogen/ionic substitution, and steric/hydrophobic elements to
co-optimize LUMO alignment, molecular packing, and electron
mobility.

Electron-accepting fragments (e.g., PDI, NDI, and NFA
derivatives) are covalently coupled or grafted onto the fullerene
cage to unify three functions into one molecule: (1) the C4( core
provides a continuous electron-transport pathway, (2) imide/
NFA functionalities passivate interfacial defects, and (3) the
auxiliary fragments tune morphology through m-m interactions
and surface-energy control. Carbonyl, nitrile, and halogen
groups selectively coordinate with Pb/Sn-centered defects,
lowering surface trap density and suppressing interfacial charge
buildup. Simultaneously, the auxiliary m-framework promotes
face-on orientation and smooth coverage, straightening the
electron-extraction pathway and enabling excellent thickness
tolerance.

Sun et al. demonstrated this strategy using an NFA fragment
grafted onto Cg, (Fig. 9a)."*> Molecular design favored Cg,—NFA
and NFA-NFA interactions, yielding low surface roughness and
pinhole suppression under solution processing (Fig. 9b). Electron-
withdrawing terminal groups on the NFA selectively interacted
with Pb/I defects, reducing trap density, while the Cq, cage
ensured efficient transport. As a result, interfacial charge accu-
mulation and ion migration were mitigated, reducing Voc and FF
losses and drastically softening the thickness roll-off across several
hundred nanometers—significantly improving compatibility with
slot-die and blade coating. Using the device stack ITO/SAM/
perovskite (C80.05(FA0.98MAg 02)0.95Pb(I0.08B0.02)3) ETL/BCP/Ag,
high efficiency was retained even at large perovskite thicknesses,
demonstrating remarkable process tolerance (Fig. 9¢c). Consistent
with this mechanism, Cg,-NFA hybrids such as BTPCg, retained
~90% of their initial efficiency after 1500 h under ISOS-D-2 (85 °C,
N,), representing a major thermal-stability improvement over
pristine Ceo.

Fullerene derivatives can also be engineered to retain smooth
amorphous morphology after vacuum deposition, ensuring stable
band bending and contact resistance during metal electrode
evaporation. Thermally robust substituents preserve film unifor-
mity, while polar groups enable complementary passivation of
halide and A-site defects. This enhances compatibility with
tandem top cells and encapsulation and reduces variability in
large-area vacuum fabrication. Shui et al. developed a thermally
evaporable fullerene derivative to address process variability and
interfacial instability in tandem stacks (Fig. 9d).”*® Indanone
substitution and bulky tert-butyl side chains were designed to
preserve an amorphous, low-roughness morphology after evapo-
ration. Consistently, grazing incidence X-ray diffraction (GIXRD)
shows that ¢-Bu-FIDO films remain essentially amorphous before
and after annealing at 150 °C, indicating suppressed thermally
induced crystallization/aggregation (Fig. 9¢). In addition, Pb 4f
XPS spectra of perovskite/t-Bu-FIDO exhibit a clear shift toward
lower binding energy, consistent with carbonyl-Pb*" coordination
and surface defect passivation, which correlates with reduced
nonradiative recombination and mitigated hysteresis (Fig. 9f).
Using the configuration ITO/NiO,/SAM/perovskite
(Cs0.04(FA0.95MA 05)0.96Pb(Lo.05BT0.05)3)/ETL/BCP/Ag,  concurrent
improvements in Voc and FF translated directly into higher PCE.
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Fig. 9 (a) Chemical structure of BTPCgq. (b) AFM height images of Cgo-TE and BTPCgq films. (c) PCE versus ETL thickness for PCgBM and
BTPCgp. Reproduced with permission from ref. 149. Copyright 2024, Wiley-VCH GmbH. (d) Schematic of evaporable fullerene derivatives. (e)
GIXRD of thermally deposited films before/after 150 °C annealing: Ceo, H-FIDO, and ‘Bu-FIDO. (f) XPS spectra of the Pb 4f region. Reproduced
with permission from ref. 150. Copyright 2023, American Chemical Society. (g) Structure of CPMAC. (h) Perovskite/Ceq (van der Waals) vs.
perovskite/CPMAC (ionic) interactions. (i) Comparison of G¢ of devices to quantify the ETL for Cgg or CPMAC. Reproduced with permission from
ref. 151. Copyright 2025, American Association for the Advancement of Science. (j) Synthetic route to CN-TPAX (X = H, Me, OMe, Cl, Br, ). (k) CV
curves in 0-DCB/ACN (5: 1 v/v, 0.1 M BusNClO,, 100 mV s™%; Fc/Fc* reference); E,eq1 Used to estimate LUMO levels. (l) Representative packing
snapshots highlighting cage-to-cage - interactions of the six FDs. Reproduced with permission from ref. 152. Copyright 2024, Wiley-VCH
GmbH.
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Compared with solution-processed ETLs, this approach elimi-
nated leakage pathways and thickness nonuniformity, improving
line-to-line reproducibility during vacuum processing and offering
high compatibility with encapsulation and tandem integration.

In the ionic fullerene strategy, fullerene cores are function-
alized with fixed-charge headgroups (e.g., quaternary ammo-
nium and imidazolium) and counter-anions to introduce
electrostatic binding and interfacial electron-shuttling. The
fixed charges directly neutralize halide vacancy and A-site-
derived defects, suppress ion migration, and thereby reduce
nonradiative recombination and hysteresis. At the same time,
ionic interactions enhance molecular packing and interfacial
adhesion, improving fracture toughness and sustaining
module-scale reliability under prolonged MPPT operation and
combined thermal/illumination stress.

You et al. implemented this strategy by attaching cationic
headgroups to Cg, to form ionic fullerene salts (Fig. 9g).*** The
positively charged termini (e.g., -NH;") formed strong ionic
bonds with surface I™ species, selectively neutralizing defect
populations and suppressing charge accumulation and ion
migration (Fig. 9h). Strengthened intermolecular and interfa-
cial adhesion increased fracture toughness, enabling stable
electron extraction with minimal degradation during extended
MPPT and thermo-photonic stress. In particular, double-
cantilever beam testing showed that the interfacial fracture
energy (Gc) at the ETL interface increased from 0.50 £ 0.07 J
m 2 for Cgo to 1.43 & 0.03 ] m~> for CPMAC, quantitatively
confirming the enhanced interfacial mechanical stability
(Fig. 9i). This electro-chemo-mechanical synergy also mitigated
the instability of thin ETLs, stabilized top-electrode deposition,
and reduced performance dispersion in large-area blade-coated
mini-modules. Using the architecture FTO/SAM/Cs.04MAg 14-
FAg.g:Pb(Iy.057BT0.013)3/ETL/ALD-SnOx/Ag, replacing Ce, with an
ionic fullerene yielded PCE = 26%, illustrating that improved
contact and energy alignment directly translate into higher
efficiency. Stability was likewise enhanced: encapsulated p-i-n
mini-modules operated for 2200 h at ~55 °C under 1-sun MPP
retained 91.5% of the initial PCE, outperforming Cs,-based
counterparts that exhibited far greater degradation under
identical conditions.

In the case of terminal-group engineering, using a common
fullerene core (e.g., methanofullerene and fulleropyrrolidine),
terminal substituents are systematically varied to co-optimize
LUMO alignment, molecular packing, and electron mobility.
Combinations of electron-donating/withdrawing groups, Lewis-
basic motifs (pyridyl, carboxylate, and phosphonate), halogen/
ionic substitutions, and steric/hydrophobic elements deter-
mine dipole moment, packing density, surface energy, and
defect passivation capability. Dipole-rich or sterically tailored
terminals promote dense packing and uniform film coverage,
suppressing pinholes and shunt pathways, while precise
energy-level tuning minimizes Vo¢ loss by aligning the LUMO
with the perovskite CBM. Modifying solubility and drying
kinetics further improves coating reproducibility and thickness
tolerance, enabling compatibility with large-area printing and
with low-bandgap absorbers such as Sn-Pb alloys.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Liu et al. formalized this “terminal effect” by screening
multiple terminal groups on an identical fulleropyrrolidine
scaffold (Fig. 9j)."”* Donor-acceptor strength governed LUMO
alignment with the perovskite CBM, reducing Voc deficit,
whereas Lewis-basic termini selectively coordinated with Pb**
and I" defects, suppressing nonradiative recombination. Cyclic
voltammetry (CV) confirmed reversible redox behavior for all six
fullerene derivatives (Fig. 9k), while shifts in the first reduction
potential correlated with terminal-group electron-donating
strength and steric profile, yielding LUMO levels well aligned
to the perovskite CBM. Bulky and hydrophobic terminal groups
increase the stacking density by balancing steric hindrance and
hydrophobic aggregation, which helps sustain a continuous
electron-transport pathway and enhances electron mobility
(Fig. 91). Using the device structure ITO/NiO,/perovskite
(Cs0.05(FA0.95MA0.05)0.95Pb(I.05Br0.05)3)/ETL/BCP/Ag, the opti-
mized CN-TPACI terminal design achieved =25% steady-state
PCE (certified 25.18%). Durability was similarly enhanced:
CN-TPACl-based ETLs retained =90% of their initial PCE after
1000 h of unencapsulated operation under white LED light in
N,, =89% after 200 h at 85 °C (N,), and =86-88% after 10
cycles of encapsulated light/dark cycling in air, confirming
robust long-term operation. These results enable a design
guideline for matching terminal groups to specific perovskite
compositions and processing routes.

3.2.2. Non-fullerene ETLs. Fullerene (Cgy, PCg;BM)-based
ETLs have long served as the benchmark in inverted PeSCs
because of their isotropic electron transport and favorable
packing characteristics. However, band-tail-induced energetic
disorder reduces the QFLS and ultimately lowers Voc, while
their intrinsically low polarity and limited surface functional
groups restrict interfacial compatibility with polar perovskites
and hinder multi-site defect passivation.'**"*® Moreover, photo-
and thermally induced aggregation causes morphological drift
at the perovskite/ETL interface, enhancing contact resistance
and altering band bending, opening ion-migration pathways,
and thereby compromising long-term stability.

In contrast, NF-ETLs integrate multiple interfacial and
transport advantages within a single molecular framework.
Their m-accepting backbones and induced dipoles enable
precise control over vacuum-level shifting and band bending,
thereby lowering the electron-extraction barrier. Heteroatoms,
terminal groups, and supramolecular binding motifs further
provide multi-site defect passivation and enforce directional
molecular orientation, collectively suppressing nonradiative
recombination and hysteresis. In parallel, side-chain design
and polymerization strategies raise the glass-transition
temperature (7,), stabilize the film morphology, and establish
continuous electron-transport pathways, which together
improve thickness tolerance and enhance reproducibility in
slot-die and printing processes.

Through these combined features, NF-ETLs effectively over-
come the structural and interfacial limitations inherent to
fullerene ETLs, suppressing recombination and ion migration
at the top interface and expanding the process window for large-
area and tandem device fabrication. The following section
further organizes these advantages into three synergistic design
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pillars for optimizing NF-ETLs: (1) interfacial dipole and
supramolecular engineering, which modulate vacuum-level
shifts, band bending, and extraction kinetics; (2) polymeriza-
tion-driven morphological and transport stabilization, which
enhance T,, suppress aggregation and form continuous elec-
tron pathways; and (3) end-group engineering, which simulta-
neously governs defect passivation, interfacial energetics, and
surface hydrophobicity.

Incorporating dipole moments and selective binding motifs
into NF-ETLs provides deterministic control over vacuum-level
shifts and interfacial band bending. Huang et al. exemplified
this strategy by reengineering Y6 into phenanthroline-modified
(Y-Phen) and crown-ether-modified (Y-CE) derivatives
(Fig. 10a).**® Phenanthroline-Pb>* and crown-ether-for-
mamidinium iodide (FAI) interactions promoted upright
orientation, which can be attributed to enhanced dipole
moments (Y6 = 1.07D < Y-Phen = 2.30D <Y-CE = 7.12D), and
strengthened -7 stacking. Stepwise WF shifts were observed
(Y6 = —0.05/Y-Phen = —0.12/Y-CE = —0.20 eV), indicating
progressively deepened band bending and reduced electron-
extraction barriers (Fig. 10b).

Polymerizing Y-series NFAs (yielding PY-NFAs) elevates T,
immobilizes the molecular packing, prevents solution-phase
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pre-aggregation, and establishes continuous transport path-
ways with reinforced m-m ordering. Liu et al. designed robust
ETL by polymerizing a Y-Br monomer with an electron-rich -
bridge (thiophene, Th) and electron-deficient m-bridge (pyr-
azine, Pz), yielding two polymers, PY-Th and PY-Pz (Fig. 10c).*”
Polymerization increased T, in the order of Y-Br, PY-Th, and
PY-Pz, with Y-Br showing the lowest and PY-Pz the highest T,
(Fig. 10d). Molecular dynamics simulations revealed that both
PY-Th and PY-Pz adopt a similar stacking mode, which is
favorable for intermolecular electron transport. However, PY-Pz
exhibits much higher planarity than PY-Th (dihedral angle 1.8°
vs. 11.0°) due to an intramolecular N---H non-covalent interac-
tion between Pz and electron-accepting units, suggesting an
enhanced electron mobility (Fig. 10e). In devices (ITO/SAM/
FA0.05CS0.0sPbI;/ETL/BCP/Ag), PY-Pz delivered FF > 85% and
PCE = 25.8% (EQE-integrated = 24.9%). These results show
that polymerization enhances both morphological stability and
charge transport, mitigating thickness roll-off and enabling
scalable fabrication.

Furthermore, introducing Lewis- and hydrogen-bond-
capable terminal groups such as -CN and carbonyl provides
a unified strategy to achieve multi-site defect passivation, fine-
tuned energetic alignment, and hydrophobic top-contact

(P— » — . .
Vacuum Level 32005 342012 saeo70

Dipolar NFA-induced energy level alignment

PVSKive VSKIY.on EVSKrY.cp

d- 160
140 +
(T ; { 5% I en 120+
| Cota~ Cutty |
uc):8;° é.m,.;:,\,]:,, 0’:8/\0« 5100+
S
& PY-Pz R 80
\’ 60}
SA 40}
[ ]
-8 n22 20
0
Y-Br PY-Th PY-Pz
CeHyr
CyHyy " “Crotizy
Cutar™ Oyn®
o_N_O
Y '
‘ﬁ'}j\fs s s ‘}t
rs s Y x
o "N o
\\,cu“n
Cayy
X=H  PBTI2-BTI

X=CN PCNI2-BTI

(@) Molecular structures of Y6 derivatives (Y-Phen and Y-CE). (b) Energy-level/band alignment for NFA-coated perovskite films.

Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/
4.0) from ref. 155. Copyright 2025, Springer Nature. (c) Chemical structures of Y-NFA and PY-NFA. (d) T4 of Y=Br, PY-Th, and PY-Pz. (e) DFT-
optimized trimer (PY-Th and PY—-Pz) structures highlighting planarity. Reproduced with permission from ref. 97. Copyright 2025, Elsevier Ltd. (f)
Chemical structures of PBTI2-BTI and PCNI2-BTI. (g) Simulation of coordination effect between PCNI2-BTI and Pb?* ions. Reproduced with

permission from ref. 33. Copyright 2025, Springer Nature.
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formation. Feng et al. developed an n-type, BTI-based polymer
(PCNI2-BTI, —3.95 eV) whose LUMO level closely matches that
of the perovskite (—3.91 eV), thereby minimizing the electron-
extraction barrier (Fig. 10f).>* A distinctive Pb-O interaction
between under-coordinated Pb*>" ions and carbonyl groups is
found at the interface between the perovskite and PBTI2-BTI,
with a bond distance of 2.63 A (Fig. 10g). Additionally, Pb-N
interaction between the cyano group and Pb** is also found,
indicating a strong interaction for PCNI2-BTI enabled by the
cyano functionality. The devices with PCNI2-BTI (ITO/SAM/
Cs0.05FAg.oMA osPbI;/ETL/BCP/Ag) delivered a superior perfor-
mance of Voo =1.179 V, FF = 86.4%, and PCE = 26.0% (certified
25.4%), with excellent batch-to-batch reproducibility (25.6 +
0.2%, n = 80) in large-area fabrication. Stability tests under
ISOS-L-3 (encapsulated, white LED, =65 °C) show significantly
slower degradation compared with the devices containing
PCs;BM and PBTI2-BTI, confirming the superior operational
durability of CN/carbonyl-terminated systems.

However, from a commercialization standpoint, replacing
Ceo requires more than achieving high PCE and stability; the
alternative must also simultaneously satisfy (i) cost competi-
tiveness, particularly in light of multi-step synthesis and puri-
fication; (ii) kilogram-scale manufacturability with robust
batch-to-batch consistency; (iii) compatibility with large-area
coating processes (e.g., slot-die or blade coating), including
sufficient thickness tolerance and a broad processing window;
and (iv) seamless integration with electrode deposition and
encapsulation processes. Although NF and polymerized ETLs
provide clear advantages in interfacial functionality—such as
improved defect passivation, ion migration control, and energy-
level alignment—and enhanced morphological stability,
persistent challenges related to synthetic complexity, purifica-
tion, reproducibility, and overall cost may constrain their ability
to replace C4 On a one-to-one basis in the near term. Accord-
ingly, in the short term, hybrid ETL strategies that reduce Cg,
consumption (e.g., ultrathin Cg, layers combined with low-cost
modifiers or interlayers) or employ more process-tolerant
derivatives may represent more pragmatic pathways. Over the
mid-to-long term, material families featuring simplified
synthetic routes and validated scalability in large-area coating
processes are likely to emerge as the most viable candidates.

3.3. ETL/cathode interlayer

In inverted PeSCs, the selection of the cathode metal critically
influences electron extraction, interfacial stability, and overall
device engineering flexibility. The most commonly used
cathode metals are Ag, Cu and Al. Among these, Ag is the
predominant choice in high-performance inverted PeSCs
because its WF (typically —4.2 to —4.6 eV) aligns well with the
LUMO levels of fullerene-based ETLs (—4.0 eV for Cq and -
3.8 eV for PC¢;BM), ensuring a small energy offset and efficient
electron collection.’””**® Ag also offers high electrical conduc-
tivity, excellent film-forming characteristics, moderate cost
relative to Au, and comparatively inert chemical behavior. Cu,
with a nominal WF of —4.4 to —4.7 eV, presents a cost-effective
alternative and provides strong conductivity and good

© 2026 The Author(s). Published by the Royal Society of Chemistry
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processability. However, its higher chemical reactivity and
susceptibility to oxidation under ambient or thermal stress
conditions limit its stability. Al, which has a slightly lower WF
(—4.1 to —4.3 eV), can also provide favorable energy-level
alignment with conventional ETLs, though its chemical
robustness is lower than that of Ag. Although these metals are
chosen based on their balance of energy-level alignment,
chemical stability, cost, and compatibility with ETLs, all of
them—particularly Ag and Cu—are vulnerable to halide-
induced corrosion and interfacial degradation in perovskite
environments.'” Moreover, the tendency of metal ions to
migrate across the interface can distort the local energy land-
scape and accelerate performance losses. Consequently,
advanced ETL/cathode interlayers (CILs) have become essential
for tuning effective WF, blocking ion diffusion from both the
metal and the perovskite, and stabilizing the cathode contact.
Such interlayers are now indispensable for achieving durable,
high-efficiency inverted PeSCs.

3.3.1. Work function tuning of cathode by ETL/cathode
interlayer. The energetics at electrode interfaces play a deci-
sive role in governing both charge extraction and the long-term
operational durability of PeSCs. Among many interfacial engi-
neering strategies, modulating the cathode WF through ultra-
thin CILs inserted between fullerene-based ETLs (e.g., Ceo O
PCq;,BM) and the top metal electrode has emerged as one of the
most effective approaches. When the cathode WF is poorly
aligned with the LUMO of the ETL, electron extraction becomes
contact-limited, causing space-charge accumulation at the ETL/
cathode interface." Furthermore, directly depositing a metal
cathode can create a high density of interfacial states that pin
the Fermi-level at the contact. As a result, the cathode exhibits
a high effective WF even when a low-work-function metal is
used; therefore, the electron-extraction barrier remains present
during device operation.

Introducing a dipolar interlayer alleviates these issues by
establishing interfacial dipoles that reconfigure the vacuum-
level alignment and suppress charge accumulation. Semi-
conducting interlayers with large intrinsic dipole moments—
including ionic molecules, zwitterions, and functional groups
capable of coordinating with the metal surface—can orient at
the interface to form well-defined electrostatic dipole layers
(Fig. 11). These layers shift the local vacuum level and thereby
redefine the apparent WF of the electrode. According to the
classical dipole-layer model, the magnitude of this shift (4)
scales with the dipole density (n), dipole moment (p), and
dielectric properties of the dipolar medium:**°

A4 = nepl(kko)

where k is the dielectric constant of the interlayer, k, is the
vacuum permittivity, and e is the elementary charge. As
conceptually illustrated in Fig. 12, the introduction of a dipolar
CIL between the ETL and metal electrode induces a vacuum-
level upshift that lowers the electron extraction barrier while
simultaneously increasing the barrier for holes.’®® This dual
modulation suppresses interfacial recombination, prevents
space-charge buildup, and mitigates Fermi-level pinning that
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Fig. 11 Molecular structures of CILs for cathode WF tuning.

typically arises at bare metal/organic interfaces. As a result, dipole, whose negative pole orients toward the metal surface,
dipole-engineered CILs establish a well-aligned cathode-ETL thereby downshifting the vacuum level and lowering the
junction, leading to improved V¢ and FF and enhanced oper- apparent WF of the cathode.'®>'®* Because LiF is insulating, its
ational stability of PeSCs. thickness must remain in the tunneling regime (=<1-2 nm) to

The use of LiF and BCP has long represented the benchmark prevent electron-blocking. BCP functions through a different
for CILs in inverted PeSCs. LiF relies on the strong Li'-F~ bond mechanism: its phenanthroline nitrogen atoms coordinate with

a. =0 b. w/o dipole ! . with dipole
1
1 vacﬂ A
EV“ ’ h % Evac E I
o ® T ' d—-A Offsetv 40 =38
LUMO oo D E d I (— L+
ipoie LUMO i B
interlayer g E Qe 3
o o 1
g — £ [&® i — 1
B8 HOMO s ‘ :
< Y HOMO Cathode ETL ; Cathode CIL ETL

Fig. 12 The potential distribution of an electric dipole layer by introduction of a CIL. (a) The interfacial dipole-induced E, 5 shift 4 reduces the
apparent WF of the electrode @' = @ — 4. Reproduced with permission from ref. 161. Copyright 2020, American Chemical Society. (b) Schematic
illustration of cathode materials with a decreased WF and energy level alignment with the ETL.
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Ag, forming an interfacial dipole with negative charge density
near the metal and positive density toward the organic layer.***
Although this interaction reduces the effective WF, the high
LUMO energy of BCP also necessitates ultrathin films to ensure
efficient electron tunneling. Motivated by the limitations of LiF
and BCP, a wide range of innovative CIL materials have been
developed, exploiting distinct mechanisms for WF modulation
and interface stabilization. Ciro et al. introduced rhodamine
101, an ionic inner-salt dye with a large intrinsic dipole
moment.’® When inserted at the PC4;BM/Ag interface, rhoda-
mine 101 aligns its dipoles to reduce the Ag WF from —4.5 to
—4.3 eV, improving energy-level matching and suppressing
recombination. Devices (ITO/NiO,/MAPbI;/PC,,BM/rhodamine
101/Ag) attained efficiencies of 16.6%, while the interlayer
simultaneously served as a moisture and Ag-halide corrosion
barrier.

Organic semiconductors have also been widely explored as
dipolar CILs. Lee et al. demonstrated PFN-Br, a conjugated
polyelectrolyte with quaternary ammonium-bromide side
chains, as an effective dipole-forming interlayer.**® The polymer
backbone provides electronic conductivity while the ionic
substituents introduce a strong dipole that orients at the
cathode interface. PFN-Br reduced the Ag WF from —4.7 to
—4.2 eV, enabling better alignment with PCs;BM and sup-
pressing interfacial recombination. Wang et al. reported a PDI-
based ionene polymer (PNPDI) functionalized with quaternary
ammonium-bromide groups, designed to suppress Tm-T
aggregation while embedding strong internal dipoles. Br~
counterions generated self-doping, enhancing conductivity and
allowing electron-permissive transport (Fig. 13a).'” When
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and ordered PNPDI morphology produced a pronounced
reduction in the WF (Fig. 13b). UPS revealed that the WF of Ag
reduced from —4.22 eV to —3.60 eV, correlating with increases
in Voc, Jsc, and FF. Devices (ITO/PTAA/Csg os5(FAPbI;)o 3(-
MAPDBr3), 17/PCe;BM/PNPDI + Bphen/Ag) achieved 21.46% PCE
and retained 80% of their initial efficiency after 500 h at 85 °C.

Noh et al. developed a zwitterionic naphthalene diimide
derivative, NDI-ZI, that introduces both dipole engineering and
chemical ion capture as a thin CIL.**® The hydrophobic NDI core
stacks toward Ce(, while zwitterionic sulfobetaine groups orient
toward Ag, positioning -SO;~ groups adjacent to the metal. This
configuration upshifted the Ag-side vacuum level (Ag WF from
—4.6 to —4.2 eV; Fig. 13c) and reduced the Cqo/Ag energy offset.
Devices (ITO/MeO-2PACz/Csg 15FA g5Pbl3/Ceo/NDI-ZI/Ag)
exhibited suppressed shunts and leakage, achieving 23.3%
PCE and superior thermal/light stability relative to control
devices. Packing-induced dipole orientation has also proven
decisive. Kim et al. showed that a PDI derivative with di-
methylamino terminal groups (PDIN-S) exhibits morphology-
dependent dipole orientation: solution processing yields edge-
on packing, whereas vacuum deposition produces face-on
packing with vertically aligned mt-7 stacking (Fig. 13d).**® The
latter strengthens the perpendicular dipole component,
reducing the Ag WF from —4.6 to —4.0 eV (Fig. 13e). Wu et al.
synthesized PDI-2N and PDI-4N, bearing two and four di-
methylamino groups, respectively."””® PDI-4N exhibited superior
solubility, conductivity (6.3 x 10~* S ecm™'), and mobility (1.1 x
102 ecm® V' s7') due to stronger intrinsic dipoles and
enhanced self-doping. Due to the reduced WF of Ag from —4.20
to —3.60 eV (PDI-2N) and —3.18 eV (PDI-4N), devices using PDI-
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Fig. 13 Strategies and effects of ClLs for cathode WF-tuning. (a) Schematic illustration of the effect of PNPDI. (b) Energy level diagram of Ag with
and without PNPDI or BPhen. Reproduced with permission from ref. 167. Copyright 2023, Elsevier Ltd. (c) UPS spectra and energy level diagram
of Ag with and without NDI-ZI. Reproduced with permission from ref. 168. Copyright 2023, Royal Society of Chemistry. (d) Pole figures of
vacuum-deposited (VE) or solution-processed (SC) PDIN-S. (e) UPS spectra of Ag with and without PDIN-S in the secondary electron region.
Reproduced with permission from ref. 169. Copyright 2024, Elsevier Ltd. (f) UPS spectra of Ag with PDTI1 in the secondary electron region at
a bias voltage of —9 V. (g) UPS spectra of Ag without PDTI1 in the secondary electron region at a bias voltage of —9 V. Reproduced with

permission from ref. 171. Copyright 2024, Elsevier Ltd.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2026, 17, 10374-10410 | 10395


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc10164f

Open Access Article. Published on 24 April 2026. Downloaded on 6/14/2026 3:34:27 AM.

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

Chemical Science

PCg;BM/PDI-4N/Ag) achieved 21.3% PCE with excellent stability
(97% retention after 600 h).

Gao et al. also reported a fused-ring D-A-D PDI derivative
(PDTI1) designed for strong dipole formation and high
conductivity."* Terminal dimethylamino groups oriented
negative charge toward the metal, reducing the Ag WF from
—4.60 to —4.03 eV (Fig. 13f and g). Devices (ITO/Me-4PACz/
FAo5MA, ;PbI;/PEAI/C4o/PDTI1/Ag) achieved 24.6% PCE with
remarkable thickness tolerance and retained 94% efficiency
after 2600 h, outperforming BCP-based devices. Wang et al.
further demonstrated carbolong-derived organometallic
complexes (al, a2, and b1) as CILs, where coordinated cation-
anion assemblies self-orient to form strong interfacial
dipoles.”> Complex b1, containing a phosphonium cation and
BF, , produced the largest WF reduction (Ag: —4.26 —
—3.89 eV; Au: —4.70 — —4.11 eV). Imran et al. designed a hybrid
Eu-MOF@BCP interlayer, where MOF fragments incorporated
into BCP introduce oriented local dipoles that modulate the
interfacial electrostatic potential.’”®> The Eu-MOF/BCP/Cu
interface displayed a reduced WF (—4.31 eV) compared to Cu
(—4.70 eV) or BCP/Cu (—4.41 eV), enabling improved electron
transport and suppressed hole backflow.

Across these material classes, WF modulation consistently
arises from the formation of interfacial dipoles—typically
originating from intrinsic ionic character or oriented donor-
acceptor motifs—that shift the vacuum level and reduce the
barrier for electron extraction. These dipole-engineered inter-
faces provide several universal device benefits: (1) a higher FF
via reduced series resistance and enhanced extraction effi-
ciency; (2) increased Jsc due to improved electron transport and
collection; (3) enhanced operational stability through sup-
pressed ion migration and improved environmental resistance;
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and (4) reduced hysteresis through more balanced charge
transport and fewer interfacial traps.

3.3.2. Ion blocking by the ETL/cathode interlayer. A major
intrinsic instability in inverted PeSCs arises from the migration
of ionic species within the perovskite lattice. Halide ions and
organic A-site cations such as MA" are highly mobile under
operational stresses, including heat, light, and electrical bias,
and can diffuse outward from the perovskite absorber. In
inverted architectures, ion migration predominantly proceeds
through the ETL, most commonly Cg, which possesses
a loosely packed morphology that facilitates ion diffusion.
Under operational conditions, I" and A-site cations migrate
through the fullerene ETL toward the metal electrode, where
they react to form AgI at the buried interface (Fig. 14a-c)."”*'”
Simultaneously, Ag or Cu species can counter-diffuse into the
ETL and perovskite layers.”®'**% The resulting interfacial
reaction products, which are semiconducting or insulating in
nature, increase series resistance, disrupt interfacial energy-
level alignment, and generate trap states and shunt pathways.
The accumulation of mobile ions and Agl at the interface
induces electrostatic screening, suppressing electron extraction
and degrading Voc and FF. In addition, ion accumulation can
form electrical double layers and induce internal built-in fields,
leading to pronounced hysteresis and enhanced nonradiative
recombination (Fig. 14d)."®" These coupled chemical and elec-
trostatic effects accelerate efficiency loss and significantly
shorten device lifetimes. Therefore, effectively blocking the
upward migration of halide ions and organic cations toward the
cathode, while simultaneously suppressing the downward
diffusion of reactive metal atoms, constitutes a central design
requirement for CILs in inverted PeSCs.

Several organic CIL materials are built on conjugated cores
(e.g., NDI and PDI) functionalized with ionic or coordinating
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Fig. 14 Formation of Agl by ion diffusion and its impact on PeSCs. (a) Thermal degradation mechanism. (b) XRD (left) and GIXRD (right) of the
peeled Ag electrodes from an MAPbls-based PeSC after a thermal treatment at 100 °C for 72 h. (c) ToF-SIMS elemental depth profiles of the aged
device stack after a thermal treatment at 85 °C for 24 h. Reproduced with permission from ref. 175. Copyright 2017, Wiley-VCH GmbH. (d)
Schematic of band energy diagram in the PeSC after ion accumulation at the interfaces. Reproduced with permission from ref. 181. Copyright

2021, Wiley-VCH GmbH.
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groups that directly interact with metals or halides, thereby
suppressing the migration of mobile ionic species such as I™
and Ag" (Fig. 15). By either physically blocking diffusion path-
ways or chemically immobilizing ions and metal atoms, these
CILs effectively interrupt the diffusion-corrosion cycle at the
buried metal contact and stabilize inverted PeSCs. One repre-
sentative strategy relies on dense molecular packing to physi-
cally hinder ion diffusion. Ning et al. systematically investigated
NDI-BN, an NDI derivative bearing four pyridine side groups
that promote strong intermolecular interaction and tight film
packing (Fig. 16a)."®* The resulting compact interlayer effec-
tively blocked iodide diffusion from the perovskite toward the
Ag electrode, as evidenced by suppressed Agl formation in XPS
analysis (Fig. 16b).

Beyond physical blocking, chemical ion trapping provides
a more active suppression mechanism. Noh et al. introduced
NDI-ZI, a zwitterionic NDI derivative containing sulfobetaine
side chains.'®® The fixed positive and negative charges simul-
taneously induce a strong interfacial dipole for work-function
tuning and act as coulombic ion capture sites for mobile I/
I;~ and Ag species. While the NDI backbone ensures electron
transport, the ionic side groups chemically immobilize both
halides and metal ions, effectively suppressing Agl formation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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after thermal stress (Fig. 16¢c and d). This dual functionality
illustrates how zwitterionic design enables concurrent elec-
tronic optimization and chemical stabilization. A similar zwit-
terionic concept was extended to PDI systems by Orwat et al.,
who incorporated sulfobetaine groups into PDIs with system-
atically varied alkyl chain lengths.” In these materials,
perpendicular dipole alignment at the interface lowers the Ag
WEF, while sulfonate groups chemically bind mobile Ag" and
halide species. Among the series, PDI-C5-S3 exhibited the
optimal balance between dipole strength and ion-capturing
ability (Fig. 16e). Wide-bandgap PeSCs employing PDI-C5-S3
(ITO/2PACz/Cs¢ 15FAg 52Pb(Iy sBIo.2)3/PEAI/PCg; BM/PDI-C5-S3/
Ag) achieved 19.0% PCE under one-sun illumination and an
exceptional 40.7% efficiency under indoor LED lighting,
underscoring the importance of precise side-chain engineering.
Wang et al. developed a tetramethylammonium-functionalized
perylene derivative (TMA-PTC) as a solution-processable
CIL."** The quaternary ammonium cations of TMA-PTC can
also attract migrating I anions by their ionic interactions,
thereby suppressing the migration of iodides to the cathode.
Another major class of CIL strategies focuses on direct
chemical coordination with metal atoms, immobilizing the
electrode surface and preventing metal diffusion. Yang et al.
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(a) Device adopting NDI-BN and its molecular packing. (b) XPS spectra of Ag with and without NDI-BN after aging for 48 h. Reproduced

with permission from ref. 182. Copyright 2020, Wiley-VCH GmbH. (c) Ag 3d and (d) | 3d XPS spectra of the Ag surface with and without NDI-Z|
after thermal annealing. (e) ToF-SIMS profiles of control (left) and PDI-C5-S3-adopting (right) PeSCs aged at 60 °C. Reproduced with permission
from ref. 183. Copyright 2025, Wiley-VCH GmbH. (f) Device structure and schematic illustration of BCP with TTTS. Reproduced with permission
from ref. 185. Copyright 2022, Royal Society of Chemistry. (g) Device structure and schematic illustration of BTA-Cu. (h) Auger electron
spectroscopy (AES) results of a Cu electrode with and without BTA aged at 85 °C. Reproduced with permission from ref. 76. Copyright 2020, the
American Association for the Advancement of Science. (i) Formation mechanism of MBT-Ag. (j) EDS map of | and Ag from PeSCs aged at 85 °C for
500 h without (top) and with (bottom) MBT. Reproduced with permission from ref. 186. Copyright 2024, Wiley-VCH GmbH.

introduced a hybrid BCP:TTTS interlayer, where 1,3,5-triazine-
2,4,6-trithiol trisodium salt (TTTS) provides tridentate thiol
groups that form strong S-metal coordination bonds with Ag,
Au, and Cu (Fig. 16f)."*® This chemical anchoring effectively
suppresses metal in-diffusion while maintaining favorable
energy-level alignment for electron extraction. Similarly, Li et al.
employed benzotriazole (BTA) as an anticorrosion interlayer for

10398 | Chem. Sci,, 2026, 17, 10374-10410

Cu cathodes.” The triazole moiety coordinates strongly with Cu
to form an insoluble [BTA-Cu] complex, which blocks both
halide attack and Cu diffusion (Fig. 16g and h). Devices using
BTA-protected Cu cathodes retained over 92% of their initial
PCE after 2500 h in air and over 90% after 1000 h at 85 °C. Liu
et al. further demonstrated that 2-mercaptobenzothiazole
(MBT) forms compact MBT-Ag coordination chains through

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Ag-S and Ag-N bonds, simultaneously suppressing I out-
diffusion and Ag corrosion (Fig. 16i and j).**® Another struc-
turally elaborate system combines chemical coordination and
physical blocking. Yu et al. developed thiol-functionalized
covalent organic frameworks (SH-COFs) as crystalline CILs."*
Abundant -SH groups chemically anchor Ag atoms via Ag-S
bonds, while the extended COF lattice forms a dense diffusion
barrier.

In parallel, inorganic-based CILs provide intrinsically dense
and chemically robust barriers. Back et al. introduced an amine-
mediated TiO, (AM-TiO,) interlayer, where amine groups elec-
trostatically trap migrating halides and MA" cations, suppress-
ing ion-induced corrosion at the cathode.’®® Devices
incorporating AM-TiO, retained nearly 80% of their initial PCE
for over 9000 h in N,. Zhu et al. demonstrated a SnO,/W-doped
ZnO bilayer, in which SnO, blocks ion diffusion while W doping
stabilizes ZnO surface chemistry, yielding inverted devices with
23.2% PCE and enhanced thermal durability.’® Chen et al.
further showed that an ultrathin Ti interlayer exploits low
diffusivity of Ti and Ti-N bonding with methylammonium,
simultaneously passivating defects and blocking metal
diffusion.'”

4. Tandem-relevant interlayers

Tandem solar cells consist of multiple subcells with distinct
bandgaps, enabling broadband solar absorption through spec-
tral splitting. High-energy photons are absorbed in the wide-
bandgap subcells, while lower-energy photons are transmitted
to and harvested by the narrow-bandgap subcells. Owing to
their high theoretical efficiency (43-46% for perovskite-based
two-junction tandem architectures, according to the Shockley-
Queisser limit), tandem devices are widely regarded as one of
the most promising photovoltaic platforms.*****

MHPs are particularly well suited for tandem integration
because their optical bandgap can be tuned via compositional
engineering, allowing precise spectral complementarity with
various bottom cells. Accordingly, a range of perovskite-based
tandem  configurations—including  Si-perovskite,  all-
perovskite, organic-perovskite, and CIGS-perovskite struc-
tures—have been extensively investigated. Among these,
monolithic two-terminal (2T) Si-perovskite tandems currently
deliver the highest performance, with a certified PCE of 35.0%."
In monolithic 2T Si-perovskite tandems, a wide-bandgap
perovskite top cell is vertically stacked on a silicon bottom cell
and electrically coupled in series through an interconnecting
recombination layer. Under front-side illumination, incident
light first enters the perovskite subcell, where short-wavelength
photons are preferentially absorbed. Longer-wavelength
photons are transmitted to the Si bottom cell and absorbed
sequentially. Because the two subcells are series-connected, the
overall tandem current is limited by the lower photocurrent of
the two; therefore, precise spectral management and current
matching are essential for optimal device operation.

For tandem integration, the perovskite top cell typically
requires a wider optical bandgap (1.65-1.75 eV)."*** Such
wide-bandgap absorbers are commonly realized by increasing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the bromide fraction relative to iodide in mixed-halide
compositions. However, under illumination, bromide and
iodide ions tend to segregate, forming spatially separated Br-
rich and Irich domains. The iodide-rich regions possess
a lower bandgap and act as recombination centers, reducing the
QFLS and leading to a significant V¢ deficit in wide-bandgap
devices.™®” To address this challenge, extensive efforts have
focused on suppressing ion migration and stabilizing the
mixed-halide lattice through compositional engineering, defect-
passivation strategies that reduce halide-vacancy-mediated
transport, and interface and dimensional engineering
approaches (discussed in earlier sections). Ultimately, achieving
intrinsically segregation-resistant wide-bandgap perovskites is
a prerequisite for simultaneously maximizing tandem efficiency
and ensuring long-term operational stability.

In this section, we discuss tandem-relevant interlayers,
particularly for Si-perovskite tandem architectures. These
include (i) interconnecting layers (ICLs), (ii) interlayers that
enable conformal perovskite coating over textured Si bottom
cells, (iii) ETLs with reduced parasitic absorption, and (iv) buffer
layers that protect the perovskite stack from sputtering-induced
damage during transparent electrode deposition. Conse-
quently, these interlayers critically influence the performance
and reliability of monolithic tandem devices (Fig. 17a).

4.1. ICLs between top and bottom subcells

Interconnecting layers (ICLs) are indispensable components in
monolithic 2T tandem solar cells, positioned between the wide-
bandgap top subcell and the narrow-bandgap bottom subcell to
enable an efficient series electrical connection while mini-
mizing optical and electrical losses. Functionally, an effective
ICL must simultaneously satisfy three essential requirements:
(1) it must provide efficient electrical interconnection by form-
ing low-barrier contacts with adjacent carrier-selective layers
and offering a highly effective recombination site for electrons
and holes; (2) it must ensure optical interconnection by
retaining high transparency, particularly in the NIR region to
preserve the bottom-cell photocurrent; and (3) it must serve as
a mechanically and chemically robust barrier that prevents
solvent penetration and interdiffusion during the sequential
processing of the top subcell. In the absence of a properly
engineered ICL, direct contact between the two subcells can
result in the formation of a parasitic junction, increasing
recombination resistance and substantially degrading tandem
performance.

Two principal ICL design strategies have been developed:
tunnel-junction (TJ)-based and recombination-layer (RL)-based
architectures. TJ-based ICLs rely on degenerately doped p++/
n++ junctions that enable carrier tunneling and recombination
with minimal voltage drop, thereby offering highly efficient
electrical coupling in principle. However, realizing sufficiently
strong and stable doping—particularly in multilayer device
stacks fabricated by solution processing—while simultaneously
ensuring solvent resistance and structural robustness remains
technically challenging. In contrast, RL-based ICLs introduce
an explicit recombination medium, such as sputtered TCOs,

Chem. Sci., 2026, 17, 10374-10410 | 10399
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licenses/by/4.0) from ref. 198. Copyright 2024, Elsevier. (c) Perovskite layers deposited on the micron-scale pyramid texture. Reproduced under
the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0) from ref. 236.
Copyright 2024, John Wiley & Sons. (d) Transmittance of SnO, QDs and Cgq films. Reproduced under the terms of the CC-BY Creative
Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0) from ref. 209. Copyright 2024, Wiley-VCH
GmbH (e) Transmittance spectra of films with thin Cgo and ALD SnO, layers. Reproduced with permission from ref. 211. Copyright 2025,
Wiley-VCH GmbH. (f) lon penetration depth distribution induced by sputtering plasma in the perovskite/Cep stack. Reproduced under the
terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0) from ref. 215.

Copyright 2024, The Royal Society of Chemistry.

ultrathin metals (~1 nm), or conductive polymers, between the
charge-selective layers. These structures often enhance recom-
bination efficiency and improve the FF, yet they require metic-
ulous control over sputter-induced damage, shunt formation,
and parasitic optical absorption.

Because the two subcells are connected in series, ICL design
directly governs both performance and stability. Electrically
inefficient or energetically misaligned ICLs increase the effec-
tive recombination resistance at the interconnection and may
even form a parasitic diode, leading to V¢ losses. Ideally, the

10400 | Chem. Sci., 2026, 17, 10374-10410

tandem V¢ should approach the sum of the QFLS of the indi-
vidual subcells. Non-ideal ICLs introduce several loss mecha-
nisms: (i) energy-level misalignment can cause barrier-induced
carrier accumulation, leading to interfacial charge build-up,
enhanced non-radiative recombination, and reduced subcell
QFLS; (ii) insufficient recombination capacity within the ICL
can create a recombination-limited bottleneck that lowers the
FF; and (iii) structural defects such as pinholes can generate
shunt or leakage pathways that degrade both the FF and V.
From an optical standpoint, absorbing or excessively thick

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interlayers reduce NIR transmission and limit the tandem Jgc,
further emphasizing the need for carefully optimized thickness
and material selection.

Recent studies illustrate how rational ICL engineering can
address these limitations. For instance, Zheng et al. introduced
a hybrid NiOx/MeO-2PACz ICL in monolithic Si-perovskite
tandems that avoids direct perovskite-TCO contact, thereby
suppressing defect-driven shunt and leakage pathways at the
interface.”®® Conductive atomic force microscope (c-AFM)
images indicate that the NiOx/MeO-2PACz hybrid layer exhibi-
ted better uniformity and less leakage current than the NiOy
and MeO-2PACz films prepared on an ITO substrate (Fig. 17b).
By mitigating leakage-related losses and reducing interfacial
non-radiative recombination, this strategy achieved a PCE of
28.47% with an FF of 81.8%, alongside improved reproduc-
ibility and operational stability. Similarly, An et al. addressed
barrier-induced carrier accumulation by employing a SAM
(CbzNaph)-anchored MoO; interconnection structure that
balances carrier transport and enhances hole extraction,
thereby reducing charge build-up at the series junction.'®
Tandem devices incorporating this tailored ICL delivered a PCE
of 26.05%, a Voc of 2.21 V, and high operational stability.

Collectively, these advances underscore that ICLs are not
merely passive interlayers but decisive functional elements that
govern recombination dynamics, voltage additivity, current
continuity, and long-term robustness in monolithic tandems.
Continued progress in ICL material selection and structural
design—aimed at minimizing electrical and optical intercon-
nection losses while enhancing chemical and processing resil-
ience—will be pivotal for realizing high-efficiency, stable 2T
tandem solar cells.

4.2. Interlayers on textured Si bottom cells

In Si-perovskite tandem solar cells, microscale pyramid
texturing of the Si bottom cell is widely employed to suppress
front-surface reflection and enhance light trapping. Random
(111)-oriented pyramids, typically 2-4 pm in height, induce
multiple internal reflections, thereby increasing the optical
path length within Si and boosting the photocurrent of the
bottom sub-cell. Such textures are most commonly fabricated by
anisotropic alkaline etching using KOH, NaOH, or TMAH,
which exploit crystallographic etch-rate selectivity to form
ordered pyramidal arrays.>**>°

Despite their optical advantages, fully textured Si surfaces
pose significant challenges for subsequent solution processing
of perovskite layers. Achieving conformal coverage of
micrometer-scale pyramids remains difficult because the
perovskite precursor solution tends to dewet from sharp
features, bridge across pyramid valleys, and leave voids or
pinholes. These morphological defects can induce shunting
pathways and exacerbate interfacial recombination, ultimately
degrading device performance and yield (Fig. 17¢).>*® To address
this trade-off between optical light trapping and conformal
coating, several strategies have been explored. A straightforward
approach involves reducing the pyramid dimensions to sub-
micrometer scales (“mild texturing”), thereby decreasing
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surface roughness and improving precursor wetting.>**>% In
this configuration, the perovskite thickness can readily exceed
the substrate topography, enabling uniform film formation.
However, limiting pyramid height inevitably compromises the
maximum achievable light-trapping capability. Alternatively,
the original micrometer-scale pyramids can be retained while
introducing hierarchical micro/nanotextures to promote
improved wetting and nucleation.>®® Although this strategy
preserves optical benefits, it generally requires additional
etching or surface modification steps, increasing process
complexity and manufacturing cost.

More recently, inorganic NP interlayers have emerged as an
effective and scalable solution to this conformality challenge.
For example, Liu et al. introduced an Al,O; NP interlayer via
spray coating to render the textured Si surface super-
hydrophilic.**” This treatment enhances perovskite precursor
spreading and wet-film continuity across pyramid tips and
sidewalls. The NPs additionally serve as distributed heteroge-
neous nucleation sites, mitigating valley-dominant crystalliza-
tion and promoting more homogeneous perovskite growth.
Similarly, Zhang et al. employed SiOx nanospheres as a nano-
filler interlayer to locally smooth sharp valleys and steep fac-
ets without sacrificing the global light-trapping texture.”*® This
localized topographical regulation facilitates continuous HTL
deposition and enables pinhole-free, conformal perovskite
coverage on fully textured substrates. Collectively, these NP-
enabled interface engineering strategies demonstrate that the
inherent limitations of solution coating on micron-scale pyra-
mids can be overcome by combining enhanced wetting with
guided nucleation or texture-aware surface modulation. From
an industrial perspective, such inorganic NP interlayers are
particularly attractive because they can be implemented via low-
temperature, solution-based processes (e.g., spray or colloidal
deposition) compatible with large-area manufacturing.

4.3. ETLs on perovskite top cells with reduced parasitic
absorption

Although fullerene derivatives such as Cgo and its functional-
ized analogues are widely employed as ETLs in high-efficiency
inverted PeSCs, their intrinsic optical absorption presents
a critical limitation for Si-perovskite tandem applications.
Fullerene-based ETLs exhibit appreciable absorption in the
near-UV and blue spectral region (=330-450 nm), with residual
absorption extending into the green region (=450-550 nm).
Even at typical thicknesses of 20-30 nm, illumination through
the ETL induces short-wavelength parasitic losses that can
reduce the Jsc by approximately 1.5 mA cm ™22 In monolithic
tandem architectures, where efficient photon utilization is
essential for subcell current matching, such losses directly
constrain overall device performance. Consequently, substan-
tial research efforts have focused on minimizing ETL parasitic
absorption while preserving efficient electron extraction and
interfacial selectivity.

One major strategy involves replacing fullerene-based ETLs
with highly transparent wide-bandgap metal oxides, most
notably SnO,. Owing to its large bandgap (=3.6-4.5 eV), SnO,
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exhibits high optical transparency across the visible spectrum,
typically exceeding 80% transmittance between 400 and 800 nm
(Fig. 17d).>* This significantly reduces parasitic absorption and
increases the fraction of incident photons reaching the perov-
skite absorber. However, in inverted configurations, SnO, must
be deposited directly onto the perovskite layer, which imposes
stringent solvent orthogonality requirements. Most polar
solvents effective for dispersing colloidal SnO, can damage
perovskite films, limiting solution processing to a narrow
selection of perovskite-compatible solvents. To overcome this
constraint, ligand engineering of SnO, NPs is frequently
implemented to enable stable dispersions in benign solvents.
Chapagain et al. implemented a ligand exchange strategy in
which hydrous SnO, NPs were capped with acetate, yielding
stable ethanol-based inks compatible with perovskite
surfaces.”® The use of short-chain acetate ligands minimized
electrical losses by limiting the insulating barrier at the inter-
face. In addition, hydrogen bonding between surface-bound
acetate groups and ethanol was proposed to enhance colloidal
dispersibility, enabling direct deposition onto the perovskite
layer without the need for an additional interlayer. Similarly,
Kim et al. reported long-term colloidal stability in a low-polarity
chloroform/1-butanol cosolvent system, which they attributed
to the presence of surface Cl™ species.”” They further intro-
duced ethylenediamine (EDA) as a bridging ligand that coor-
dinates to perovskite surface defects while simultaneously
anchoring to SnO, NPs, thereby promoting intimate interfacial
contact and improved electronic coupling.

Another effective strategy to suppress parasitic absorption is
to reduce the thickness of fullerene-based ETLs while retaining
efficient electron extraction and interfacial selectivity, as optical
losses scale with both the absorber thickness and the fullerene
volume fraction. Recent studies have demonstrated two
complementary design approaches that enable thickness- and/
or absorption-minimized ETLs without sacrificing device
performance. Cui et al. introduced an ultrathin PO-T2T inter-
layer (~0.5 nm) to improve heterointerfacial contact and charge
selectivity.”* This modification allowed the ETL stack thickness
to be reduced from 20 nm Cg,/20 nm ALD SnO, to 15 nm Cgo/
17 nm ALD SnO, without compromising photovoltaic perfor-
mance. Also the transmittance spectra of the thin films reveal
that thinner Cqo and ALD SnO, layers exhibit higher trans-
mittance across the entire wavelength range (Fig. 17e). In
parallel, Poma et al. adopted a materials-centric approach by
blending an NDI-based polymer (pNDI) with Cg, to form
a composite ETL (pNDI-Cg).>**> This hybrid layer not only
improved mechanical robustness but also reduced optical
absorption relative to neat evaporated Cg,. Because pNDI
exhibits only weak absorption, primarily below ~400 nm, it
effectively dilutes the Cq, fraction and lowers the overall
absorptance of the ETL. As a result, the pNDI-Cg, layer increases
transmitted optical power through the ETL stack and alleviates
parasitic absorption, even without aggressive thickness
reduction.

Taken together, these developments demonstrate that
parasitic absorption in ETLs for Si-perovskite tandems can be
systematically mitigated either by substituting highly
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transparent metal oxides such as SnO, for fullerene derivatives
or by rationally engineering thinner and optically diluted
fullerene-based layers. In both cases, the central design objec-
tive is to balance optical transparency with robust electron
extraction and interfacial selectivity, thereby maximizing
photocurrent while sustaining high FF and operational stability
in tandem architectures.

4.4. Buffer layers on perovskite top cells for sputter damage
mitigation

In Si-perovskite tandem photovoltaics, electrode design
requirements differ substantially from those of single-junction
devices. Because illumination occurs through the top subcell,
the front electrode must be highly transparent while retaining
low sheet resistance to enable efficient lateral charge collection
over large areas. Generally, transparent contacts typically
employ sputtered transparent conductive oxides (TCOs), most
commonly ITO or IZO, often combined with a metal grid or
mesh to further reduce series resistance without incurring
excessive optical losses.?**?'*

However, TCO sputtering can significantly degrade the
underlying perovskite stack. The plasma environment generates
energetic ions, neutral particles, UV radiation, and localized
heating, all of which can physically damage soft organic layers
such as fullerene-based ETLs, increase defect density, and
enhance non-radiative recombination.”***'® In particular, with
respect to ion-induced damage, the mechanism is unlikely to
involve direct ion penetration into the perovskite. Instead,
oxygen, argon, indium, and tin ions are predicted to stop within
the Cgq, overlayer at depths below ~5 nm, indicating that the
damage is more plausibly associated with near-surface collision
cascades and recoil-induced defect formation (Fig. 17f).>*
Additionally, sputter-induced mechanical stress may cause
interfacial delamination or deteriorate contact quality.””” To
mitigate these effects, monolithic Si-perovskite tandems typi-
cally incorporate a thin buffer layer between the perovskite-side
transport layers and the sputtered TCO. Buffer layers can be
classified according to their deposition method: solution pro-
cessing, thermal evaporation, and chemical vapor deposition
(CVD), including atomic layer deposition (ALD).

4.4.1. Solution-processed buffer layers. Solution processing
is attractive due to its simplicity and low-temperature compat-
ibility, often employing pre-synthesized NPs dispersed in low-
polarity, low-boiling-point solvents. Representative NP buffers
include ZnO, SnO,, Al-doped ZnO (AZO), ITO, tungsten oxide
(WOx), and related variants such as ZnMgO blends.**2?* Poly-
electrolytes such as polyethylenimine ethoxylated (PEIE) have
also been demonstrated to protect sensitive fullerene layers
from sputter damage and have been successfully implemented
in monolithic 2T tandems.”****> Despite these advantages,
solvent compatibility with the underlying perovskite stack must
be carefully controlled. Moreover, NP films typically require
a minimum thickness to achieve full surface coverage, making
the fabrication of ultrathin (~5 nm), pinhole-free buffers
challenging.
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4.4.2. Thermally evaporated buffer layers. Thermal evapo-
ration is often preferred for rough or textured surfaces because
it is a solvent-free, relatively “soft” vacuum process capable of
producing uniform films over large areas with low kinetic
energy flux.>** In addition to ultrathin metals (e.g., Ag or Mg:Ag),
a wide range of evaporated organic or organometallic materials
have been explored, including copper(u) phthalocyanine (CuPc),
phthalocyanine  (ZnPc), BCP, 1,4,5,8,9,11-hexa-
azatriphenylenehexacarbonitrile (HAT-CN) and metal acetyla-
cetonate complexes.”**?*® Robust organic semiconductors such
as perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) offer
chemical inertness and effective energy dissipation under
plasma exposure,***** while materials like HAT-CN provide
high visible transparency and favorable interfacial ener-
getics.”"*3* Nevertheless, many organic buffers exhibit parasitic
absorption in the visible region. Furthermore, effective protec-
tion generally requires thicknesses exceeding ~10 nm to avoid
island-like growth and pinhole formation, which can increase
optical losses and series resistance.

4.4.3. ALD/CVD-based buffer layers. Chemical vapor depo-
sition approaches, particularly ALD, are well suited for forming
conformal, pinhole-free ultrathin buffers on complex or high-
aspect-ratio surfaces. Because precursor adsorption is diffusion-
driven and non-directional, ALD enables nearly uniform thick-
ness over textured features at relatively low temperatures.
Common ALD buffer materials include SnO, and ZnO, V,O,, and
ultrathin insulating Al,O; layers (1-2 nm), which can function
as effective plasma-damage barriers when carefully thickness-
optimized.****** When applying ALD/CVD buffers to perovskite
stacks, several constraints must be addressed. (1) Precursors
must not chemically react with or degrade the underlying
perovskite or organic transport layers. (2) Uniform ALD nucle-
ation often requires surface -OH groups, potentially necessi-
tating mild surface activation (e.g., UV-ozone treatment) or an
ultrathin -OH-rich seed layer such as PEIE. (3) Deposition
temperatures (typically 80-100 °C) and exposure conditions
must remain sufficiently mild to prevent thermally induced
perovskite degradation.

Overall, buffer layer engineering in tandem-compatible
perovskite solar cells is not merely a protective strategy but
a critical interface optimization problem, requiring simulta-
neous control of plasma resilience, optical transparency, elec-
trical conductivity, and interfacial energetics to preserve both
efficiency and long-term device stability.

zine

5. Outlook and prospects

Based on recent progress, the roles of upper-surface and inter-
face modification strategies can be broadly categorized into four
groups: (1) perovskite top-surface defect passivation and
improving energy-level alignment at the perovskite/ETL and
ETL/cathode interfaces; (2) acting as barrier layers to block
moisture and oxygen ingress while suppressing mobile-ion
diffusion; (3) enabling internal and interfacial thermal
management to facilitate efficient heat dissipation; and (4)
replacing thermally and mechanically unstable ETLs, such as
Ceo and PCg;BM. Collectively, these approaches underscore the
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critical importance of perovskite upper-surface engineering,
where tailored interfacial materials can deliver distinct yet
complementary functions—from contact optimization to
robust barrier effects—ultimately enhancing device stability.

Despite this progress, several challenges must be addressed
to further advance inverted PeSCs. First, greater attention
should be paid to defect generation under operational condi-
tions. Upper-stack stability is governed not only by pre-existing
defects but also by defects newly formed under illumination,
electric fields, and local heating. These stresses can reconstruct
the perovskite top surface and activate metastable pathways,
generating fresh nonradiative recombination centers at the
perovskite/ETL interface. Future strategies should therefore
move beyond static passivation toward interface designs that
actively suppress defect formation during operation. In this
context, combining operando spectroscopic techniques with
time-resolved electrical measurements will be critical for iden-
tifying when and where defect-related loss pathways emerge
under light and bias.

Second, mechanical integrity at the perovskite/ETL/cathode
interfaces remains an underappreciated bottleneck for long-
term reliability. The upper stack integrates perovskites with
organic and inorganic layers that possess mismatched elastic
moduli and thermal-expansion coefficients, rendering the
interfaces vulnerable to delamination and microcrack forma-
tion during thermal cycling. Such adhesion loss can create local
contact failure and diffusion pathways (for O, and water),
thereby accelerating chemical and electrochemical degradation.
Accordingly, adhesion should be treated as a key design
parameter in future upper-stack engineering. Molecularly
engineered interlayers that enhance interfacial bonding while
preserving ultrathin charge-transport pathways offer a prom-
ising solution.

Third, interfacial damage induced during electrode forma-
tion must be carefully considered. As emerging device archi-
tectures—including tandem, semitransparent, bifacial, and
module-level configurations—expand beyond conventional
metal electrodes, the deposition processes themselves can
compromise the integrity of carefully engineered upper inter-
faces. Sputtering of transparent conductive electrodes can cause
ion bombardment or plasma-induced damage to the ETL and
perovskite surface. Consequently, well-designed perovskite/ETL
stacks can fail if electrode deposition introduces new defects or
disrupts interfacial continuity. Effective solutions should
therefore integrate deposition-compatible interlayers that
function as sacrificial or protective buffers without incurring
optical or electrical penalties.

Finally, standardized multi-stress testing protocols are
urgently needed for the reliable design of inverted PeSCs.
Device degradation is often accelerated by synergistic interac-
tions among heat, light, electrical bias, moisture, and oxygen,
yet many studies continue to evaluate stability under isolated
stress conditions. The establishment of unified, multi-factor
evaluation protocols will help identify dominant degradation
triggers and guide rational selection of interlayers, ETLs, and
electrodes. Such comprehensive reliability assessments will be
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pivotal for translating laboratory-scale interface innovations
into commercially viable technologies.

In summary, PeSCs are transitioning from a laboratory-
driven research phase toward commercialization-oriented
development. As efficiencies continue to rise, the central ques-
tion is no longer whether perovskites can achieve high perfor-
mance, but whether they can sustain reliable operation under
realistic conditions and at the manufacturing scale. A deeper
understanding of how materials, interfaces, and large-area
processes behave in realistic operating and degradation envi-
ronments is essential for translating record laboratory perfor-
mance into industrially relevant photovoltaic technologies.
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