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Since the first demonstration in the early 2010s, perovskite solar cells (PSCs)
have emerged as a promising next-generation photovoltaic technology.

With power conversion efficiencies improving at a rate of approximately

1% per year, PSCs are approaching energy-efficiency parity with silicon-based
photovoltaics. As single-junction efficiency gains begin to plateau,

research efforts are increasingly directed towards addressing operating
stability while maintaining device performance. Defects and impurities at
the interface compromise long-term stability and limit device efficiency.
Consequently, interface passivation has emerged as a central focus of the
field. We emphasize three emerging strategies toimprove how interfaces are
constructed and engineered in PSCs: multifunctional passivation molecules
suppress non-radiative losses and ion migration through cooperative
interactions; heterostructure interfaces modulate band alignment and
defect landscapes; and self-assembled monolayers offer molecular control
over surface energetics and thin-film growth. These approaches target the
root causes of performance loss and together tackle pressing topics in PSCs.

Given progressin efficiency, research on perovskite solar cells (PSCs)
has turned to tackling questions relevant to real-world deploymentand
large-scale technological impact'. Whereas compositional optimization
of the perovskite absorber layer is still ongoing, recent efforts have
increasingly focused on interfacial engineering, as interfaces have
emerged askey bottlenecks limiting long-term device performance®’.
Inthis context, rational interface design and the tailoring of interfacial
functionalities using synthetic approaches are critical. These efforts
aimto minimize interfacial charge losses, suppress degradation path-
ways and enhance overall device robustness®*°,

In PSCs, interfaces between the absorbing layer and adjacent
layers play a crucial role in dictating device efficiency and long-term
stability. As charge carriers traverse the perovskite layer to adjacent
transport layers, they encounter interfaces that often suffer fromener-
getic misalignment, chemical incompatibility and defect-mediated
recombination®®’. These regions, though physically thin, are chemi-
cally and electronically complex and substantially impact device per-
formance under operational stress.

With interfacial engineering now a major focus in PSC develop-
ment, we identify three emerging passivation strategies: multifunc-
tional molecular passivation, heterostructure insertion and functional
self-assembled monolayers (SAMs). These approaches canaddress the
critical challenges associated with charge loss, degradation and device
instability by targeting the complex interfaces between the perovskite
and transport layers. A synthesis-centred overview of these three
strategies is presented, exploring structure-property relationships,
functional group requirements for defect-specific passivation, and
intermolecular interactions.

Table 1 provides a comparative overview of the strategies dis-
cussed, listing representative reports of multifunctional molecular
passivation, heterostructures and SAMs. It specifies the device inter-
faces for which each strategy is implemented, distinguishing modi-
fications at the perovskite/electron transport layer (ETL) interface
and/or perovskite/hole-transport layer (HTL) interface. It further
summarizes reported power conversion efficiencies (PCEs), opera-
tional stability under maximum power point tracking at various
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Table 1| Optimization focus and representative frontline reports for multifunctional molecular passivation,

heterostructures and SAMs

Strategy Applicable interface Frontline report PCE (%) Operating stability Performance improvement priority
Multifunctional Perovskite/ETL and 79 26.30 MPP; 85°C; Tgo=1,100h PCE
molecular passivation  perovskite/HTL 69 26.15 MPP; 65°C; Too=1,200h
131 25.40 MPP; 90°C; T4,=3,670h
Perovskite/ETL and RO -
Heterostructure e - 4 25.90 MPP; 85°C; T,,=1,074h Stability
7 2450 MPP; 55°C; Toy=2,000h
100 26.92 MPP; 85°C; T44=1,000h
SAM Perovskite/HTL PCE and stability
194 26.30 MPP; 45°C; Tg;=2,000h

MPP, maximum power point.

temperatures, and designated performance improvement priority.
Here performance improvement priority refers to whether a given
strategy is principally aimed at maximizing the PCE, promoting
long-term operational stability, or achieving concurrent optimization
ofboth.

Perovskite synthesis

Halide perovskites exhibit arich structurallandscape, where variations
in dimensionality, connectivity and composition profoundly influ-
encetheir electronicstructure, stability and transport properties. The
interplay between these features enables rational design of materials
with tailored optoelectronic behaviour across three-dimensional (3D),
2D and perovskite-related systems. These principles guide synthetic
strategies and device architectures that continue to develop perovskite
photovoltaic performance.

Types of perovskite light absorber

3D perovskites. 3D halide perovskites with the AMX; structure are
the most widely studied and highest-performing class of perovskite
light absorbers. In these materials, monovalent A-site cations such
as methylammonium (MA"), formamidinium (FA®) or Cs* occupy the
cuboctahedral voids formed by corner-sharing BX, octahedra, where
Mis typically Pb* or Sn** and X is a halide (I, Br- or CI")®. The APbl, com-
position exhibits a bandgap in the optimal range for single-junction
photovoltaics (that is, -1.5-1.6 eV), with high absorption coefficients
(>10° cm ™), allowing device thicknesses to be substantially shorter
than mean carrier diffusion lengths. Together with their defect toler-
ance, these properties have allowed 3D PSCsto achieve certified PCEs
exceeding 26%'.

Compositional engineering plays an important role in tuning
the bandgap and enhancing phase stability in 3D halide perovskites.
Halide substitution, such as replacingiodide withbromide, increases
the bandgap, whereas partial substitution of Pb* with Sn* narrows it,
enabling continuous bandgap tunability across awide spectral range
(-1.2t0>3.0 eV; Fig. 1) to meet diverse application requirements, par-
ticularly for tandem solar cells'. Modifications at the A site, particu-
larly with FA*, MA*and Cs*, are commonly used to suppress structural
instabilities and stabilize the perovskite phase, as seen in a-FAPbI,,
which readily converts to a low-dimensional non-perovskite § phase
unless Cs*and MA*are incorporated to preserve the desired structure
and improve crystallinity"".

2D perovskites. Incorporating bulky organic spacer cationsslices the
3D AMX; perovskite along the (100) crystallographic plane to yield 2D
perovskites (A'ZA,,_IanX3,,+1) with alternating organic and inorganic
layers'. The number of inorganic layers (n) between organic spacers
directly impacts both electronic and structural properties. As n
increases, the bandgap narrows from -2.5 eV (n=1) towards -1.7 eV,
approachingthe 3D limit (Fig.1)"*. Inaddition to tunable optoelectronic
properties, 2D perovskites exhibit enhanced material stability

compared with 3D perovskites, particularly against moisture and phase
degradation, due to the protective role of the organic spacers®.

Perovskite-related materials. Beyond these perovskite archetypes,
a growing number of perovskite-derived materials, including dou-
ble perovskites (A,M’'M"’X,), vacancy-ordered perovskites (A,MX,)
and perovskitoids, have been developed to overcome toxicity and
material stability concerns” . Lead-free double perovskites, such as
Cs,AgBiBr,, offer enhanced air stability and lower toxicity, but they
typically have indirect bandgaps and low absorption coefficients’.
Perovskitoids, which deviate from the ideal corner-sharing perovskite
structure, retain corner-sharing connectivity within the framework
while also incorporating edge and/or face sharing'®?°. These systems
often exhibit higher phase stability and greater structural diversity,
although their wider bandgaps (>2.0 eV) currently limit photovoltaic

implementation®.

Synthesis of single-junction PSCs

The synthesis of perovskite devices encompasses the fabrication of
eachindividuallayer, representing a highly customized and integrated
processtailored to the specific properties of the constituent materials.
This processis furtherinfluenced by the intended application context,
whether for laboratory-scale studies, which often aim to approach
the theoretical efficiency limits, or for industrial-scale manufactur-
ing, where scalability, reproducibility, process compatibility and cost
become the primary considerations.

Laboratory settings. The common fabrication techniquesin labora-
tory settings are solution-based methods (for example, spin coating
andblade coating) and physical deposition (such as thermal evapora-
tion and atomic layer deposition), particularly for achieving
high-performance devices. For the perovskite layer, spin coating
remains the dominant approach, although other solution-based
methods such as blade and spray coating are also employed.
Although these solution-based methods canresult in greater defect
densities than physical or vapour deposition methods?, this can be
addressed by slowing crystallization via additive and antisolvent
engineering®. The choice of technique for the charge-transport
layers (CTLs) depends largely on material solubility; soluble materi-
als are typically solution processed using solvents compatible with
the perovskite layer’, whereas others require vacuum-based deposi-
tion techniques such as thermal evaporation. The solution process-
ability of transport layersis generally considered advantageous due
toitslower energy requirements and compatibility with simple, rapid
fabrication steps alongside the perovskite layer. For metal elec-
trodes, thermal evaporation remains the standard due to limited
alternatives. Screen-printed electrodes, which are employed in Si
photovoltaics, have been used for perovskites”, but the high tem-
peratures (>150 °C) needed to cure the contact paste can damage
PSCs. Pastes that cure under mild heating or room temperature
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Fig.1|Band-gap energies of representative 3D and 2D metal halide
perovskites aligned with the solar spectrum. 3D perovskites (red label
shading), where Arepresents MA*, FA" or Cs*, span a broad portion of the solar
spectrum. 2D iodoplumbates (blue label shading) are shown with varying
layer thicknesses (1) and organic spacer molecules. 3AMP?, 3-(aminomethyl)
piperidinium; IR, infrared; PEA’, phenethylammonium; UV, ultraviolet.

would be more applicable, but the challenge of screen printing onto
PSCs without damaging or shunting the extremely thin (<1 pm)
perovskite layer remains®.

Industrial production. Spin coating is limited in scalability;
solution-based techniques such as blade coating and printing are
explored as candidate scalable approaches. A key challenge lies in
translating well-established interfacial engineering strategies, such
as molecular passivation and low-dimensional heterostructure inte-
gration, originally developed for spin-coated devices, to scalable
manufacturing processes. This challenge arises primarily because
surface passivation in perovskite devices is highly sensitive to both
layer thickness and interfacial conditions”?. Spin coating typically
produces ultrathin, highly uniform and self-limiting passivation lay-
ers,enabled by rapid solvent evaporation and centrifugal thinning. In
contrast, scalable methods such as blade or slot-die coating involve
slower solvent removal and prolonged wet-film lifetimes, which can
lead to less uniform passivation and altered interfacial reactions.

Furthermore, the surface characteristics of blade-coated perovs-
kite films often differ markedly from their spin-coated counterpartsin
terms of roughness, residual additives and surface chemistry—attrib-
utes governed by coatingkinetics, precursor composition and environ-
mental conditions. Such variations critically influence how passivation
molecules adsorb andreactattheinterface, ultimately shaping device
performance and stability’®”. Given these considerations, methods
that achieveinterfacial passivation through directincorporationinto
the perovskite precursor solution are particularly desirable’®?, Other
strategies for improving the quality of slot-die-coated films include
the use of a nitrogen air knife”” and a laminar airflow dryer®°. A com-
prehensive overview of large-area fabrication strategies is provided
inareviewby Liuetal.*.

Synthesis for tandem and multi-junction cells

By integrating multiple absorbing layers with different bandgaps,
multi-junction solar cells can surpass the theoretical efficiency
limit of single junctions®**. However, the successful fabrication of
multi-junction solar cellsimposes stringent requirements on synthetic
methods, material design and device integration. Challenges, including
Snoxidation and phase segregation, plague perovskites at the narrow-
and wide-bandgap regimens.

Narrow-bandgap perovskites. Perovskite bottom cells with nar-
row bandgaps are achieved through mixing Pb and Sn to produce
mixed-metal compositions, witha minimum bandgap of approximately
1.2 eVaround the APb, ;Sn, I, stoichiometry. This mixed composition

has a narrower bandgap than either APbl; or ASnl; because it retains
the low conduction band minimum resulting from the Pb 6p° orbit-
als while raising its valence band maximum through the introduc-
tion of higher-energy Sn 5s? orbitals®. This high-energy lone pair
from Sn makes the mixed phase susceptible to Sn** > Sn*" oxidation,
the primary material stability concern of mixed PbSn perovskites.
Whereas Sn oxidation in starting materials and precursor solutionsis
typically mitigated through atmospheric control or reversed through
the inclusion of a reducing agent or Sn® metal’*¥, the oxidation of Sn
in a working device is more difficult to curtail*®*°, Ongoing work on
narrow-bandgap perovskite device stability is primarily focused on
additive engineering to control Sn oxidation in the film bulk*’ and
interface engineering to control oxidation at the perovskite-HTL
interface, where the acidic condition induced by a natural buildup of
holes leads to accelerated oxidation of the perovskite layer*. One of the
chief concernsis replacement of the common hole-transport material
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) with other, less acidic HTLs. A summary of the operat-
ing stabilities of recently reported PEDOT:PSS-free PbSn devices is
provided in the supplementary information of a recent paper by Bati
etal.””,and asalient historical overview and outlook on PbSn PSC stabil-
ity is provided by Lee et al. in their 2023 review®.

Wide-bandgap perovskites. Perovskite top cells with wide bandgaps
areachieved by mixing Brand I to produce mixed-halide compositions.
The widest regularly used bandgaps are approximately 2.0 eV with the
APb(Br, 1, 33); stoichiometry**. These mixed-halide compositions
are plagued by light-induced halide segregation**¢, a phenomenon
in which the mixed phase segregates under illumination, resulting
in I-rich regions of the thin film that absorb light intended for other
sub-cells and trap charge carriers, hindering device performance.
Strategies to mitigate this halide segregation have primarily focused on
compositional and molecular additives that attenuate ion migration®’.
However, work by Rand and co-workers*® has suggested that halide
oxidation catalyses phase segregation, indicating that demixing within
devices, like other forms of perovskite degradation, probably begins
at perovskite-CTLinterfaces. There does not exist consensus as to the
precise driving force for halide segregation across mixed-halide per-
ovskites. Proposed mechanisms include thermodynamic demixing*’,
polaron-induced demixing® and the formation of mobile iodide
vacancies’"*’. As these mechanisms are not mutually exclusive, they
may each play arole in halide segregation. Furthermore, as the rate,
temperature dependence and reversibility of halide demixing depends
on the precise halide composition®°, which of these mechanisms is
dominant may vary with halide composition.

Molecular design for passivation

Molecular passivation has been widely adopted for interface optimiza-
tionin PSCs. Applying a thin passivation layer on top of the perovskite
canenhance the open-circuit voltage and fill factor by passivating sur-
face defects and repelling minority charge carriers due to the enhanced
band alignment, thereby boosting device efficiency. Simultaneously,
the passivationlayer actsasabarrier toion migration, mitigating per-
ovskite degradation and improving device stability**”.

Origin of performance loss at interfaces

Two primary issues at the interface between perovskites and CTLs
undermine the performance of PSCs. The firstis charge-carrier recom-
bination, which occurs at the perovskite surface and across the per-
ovskite/CTL interface. At the perovskite surface, defects originate
primarily from precursor material impurities, rapid nucleation and
growth during crystallization®®, as well as degradation under device
operation®. The predominant surface defects are Lewis-acidic,
electron-localizing traps (for example, under-coordinated Pb* ions)
and Lewis-basic, hole-localizing traps (for example, under-coordinated
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halides)®°. At the perovskite/CTL interface, near-interface minority
carriers (such as holes in the perovskite) recombine with majority car-
riers (electrons in the ETL) across the interface®*®’. These recombina-
tion pathways reduce the device open-circuit voltage and fill factor,
impairing the overall device efficiency.

The second critical issue is ion migration, which occurs both within
the perovskite bulk and across the perovskite/ETL interface. At the
interface, this irreversible migration is particularly problematic, as
perovskite species have been observed to diffuse into the ETL and
evenintotheelectrode, leading to chemical corrosionand accelerated
device degradation®>®,

Functionalities of passivation molecules

To tackle these issues, molecular passivation strategies are typically
designed to fulfil one or more of three primary functions: (1) chemi-
cally passivating surface defects on the perovskite; (2) repelling
minority charge carriers; and (3) suppressing ion migration at the
perovskite/ETL interface.

For surface defect passivation, the most employed molecules
are Lewis acids and bases, selected based on the nature of the surface
traps on the perovskite, as well as the adjacent transport layer. Lewis
bases chemically passivate Lewis-acidic electron traps, whereas Lewis
acids passivate Lewis-basic hole traps (Fig. 2a). Lewis bases used for
passivation typically feature nitrogen-containing groups®*, carbonyl
groups® ¢, organosulfur®®’° or conjugated systems” "> In contrast,
Lewis acid passivants typically contain electron-deficient atoms such
as boron™ or an oxidized metal (for example, Eu**)”, although nor-
mally basic atoms such as phosphorus’ and iodine’” can be rendered
Lewis acidic when functionalized with extremely electron-withdrawing
groups, such as pentafluorophenyl moieties. At the perovskite/ETL
interface, where electrons are the primary charge carriers being
extracted, passivating electron traps with Lewis bases can effectively
suppress non-radiative recombination and enhance electron extrac-
tion, offering greater benefits than targeting hole traps. It follows that
Lewis acids, while less commonly used, may be particularly effective
at the perovskite/HTL interface, serving a similar role by passivating
holetraps.

Field-effect passivation strategies, which aim to repel minority
carriers from the interface (such as holes at the perovskite/ETL inter-
face), utilize ions to electrically repel like-charged carriers. Cations
used for field-effect passivation typically contain ammonium or ami-
diniumgroups”®', whereas common anionic moieties are carboxylate,
sulfate and phosphate groups®”*> %, As anions repel electrons and
cations repel holes, their use is largely limited to the HTL and ETL
interfaces, respectively.

Tosuppression migration, inaddition to coordinating with surface
defects, several molecular design strategies are commonly employed:
(1) introducing hydrogen-bonding groups (for example, -OH and -
COOH) that bind to halide ions and immobilize them®**’; (2) depositing
acompact metal oxide layer®®*’; and (3) utilizing cross-linkable units to
form robust networks that block ion migration pathways and reduce
defect formation®,

Multifunctional passivation

Considering their ability to coordinate defects and repel minority
carriers, we classify these passivating molecules into four overlap-
ping categories: Lewis bases, Lewis acids, cations and anions (Fig. 2a).
Molecules positioned at the intersection of these categories exhibit
multifunctional properties, enabling synergistic passivation effects
(Fig. 2b, right). This multifunctionality can also be achieved by the appli-
cation of multiple molecules from these different categories (Fig. 2b,
left). Previous studies have demonstrated substantially performance
improvements enabled by such multifunctional strategies®’**"*, For
instance, at the top interface (perovskite/ETL), a well-designed mol-
ecule cansimultaneously promote electron extraction while repelling

holes?. This multifunctional passivation approach has become an
increasingly prominent trend in recent research.

Multifunctional unary passivants. The most widely adopted multi-
functional passivation strategy involves incorporating various func-
tional groups into a single molecule, with each group targeting and
passivating specific defects. For example, amolecule containingboth
anammonium group and a thiol group can simultaneously passivate
A-site cation vacancies and under-coordinated Pb* ions, respectively®.
Building on defect passivation, additional functional groups, such as
halogens, can be introduced into the molecular structure to regulate
film formation and enhance perovskite crystallinity® . Furthermore,
passivant molecules can be designed to be cross-linkable, forming a
robust network that provides additional benefits, such as improved
passivation effectiveness, enhanced hydrophobicity and stronger
barriers to ion migration®.

Multimolecular passivation. For multimolecular passivation, sev-
eral considerations and design scenarios have been explored. First,
individual passivants can function independently, each contributing
toimproved device performance. Forexample, Liu et al.” employed a
bimolecular strategy in which amethylthio-containing molecule passi-
vated defects while adiammonium molecule repelled minority carriers
and suppressed non-radiative recombination, collectively enhancing
thesolar cell efficiency compared with conventional single-ammonium
passivation®,

Amorerecentand increasingly popular approachinvolveseither
synergistic passivants, where one enhances the effect of the other, or
cooperative passivants, which complement each other by targeting
different types of defects. Forinstance, conventionalammonium-based
passivants often suffer from poor charge transport, unfavourable
molecular orientation and weak binding with the perovskite surface.
To address these issues, a secondary boosting agent such as a halo-
genated molecule” can be introduced alongside the ammonium pas-
sivanttoimprove the transport properties of the passivation layer and
strengthen the passivant-perovskite binding, thereby amplifying the
overall passivation effect™ %,

Buried-interface passivation
Owing to the sequential nature of perovskite device fabrication, the
bottom interface serves as the foundation for perovskite film forma-
tion. Therefore, it requires particular attention to surface wettability
and energy-level alignment to ensure uniform, highly crystalline films
and efficient charge extraction.

Considerable efforts in the field have focused on integrating
molecular passivation with conventional hole-transport materials.
For instance, Chen and co-workers®’ employed multiple aromatic
carboxylic acids to enhance the surface wettability of SAMs. Jen and
co-workers'® introduced an azide-containing molecule capable of
crosslinking with SAMs to form co-SAM structures that markedly
strengthen interfacial adhesion and improve operational stability.

Molecular passivationat theburiedinterfaceis particularly impact-
fulin tin-based narrow-bandgap PSCs. Insuch compositions, the com-
monly used SAMs for single-junction devices often exhibit energy-level
mismatch with typical hole-transport layers such as the water-based
PEDOT:PSS. However, the strong acidity of PEDOT:PSS can degradettin
perovskites; acidity control using ammonia-containing molecules has
shown great promise inimproving interfacial stability’”'°2. Moreover,
amines with dipole have been employed to further tune the energy
alignment at the buried interface, thereby increasing the open-circuit
voltage of tin halide perovskites'®. Molecular passivation has also been
effectively combined with other HTLs suchas NiO,, for similar purposes
mentioned above'**'%,

Overall, the multifunctional passivation strategy is fundamentally
superior to traditional unary approaches. In our view, this emerging
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and field-effect passivation, which repels minority carriers.

method holds the key to the future development of PSCs and should
be a primary focus for future research in the field. However, we note
thattheimprovements fromthis strategy so far are mainly in efficiency,
andissuesrelated tolong-term molecular stability persist. Particularly,
many passivation molecules themselves lack sufficient thermal robust-
ness and may degrade at elevated temperatures. Therefore, improv-
ing the intrinsic stability of the passivating agents will be crucial for
future investigations®7%1°¢,

Heterostructure construction

The poor interfacial stability of perovskite-CTL interfaces motivates
theinsertion of additional, more stable layers between the perovskite
and adjacent CTLsto passivateinterfacial defectsand improve device
efficiency and stability. Such additional layers can comprise perovs-
kites, perovskite-related materials or entirely different materials, and
theresulting heterostructure can comprise agradual (graded) or sharp
(bilayer) transition betweenthe twolayers, inserted at the buried or top
interface. Ineach case, the added operating stability from heterostruc-
ture insertion must be balanced againstimpacts to charge transport,
sothebandgap, band alignment and thickness of theinserted layer are
important considerations.

Band alignment and charge transport

Because the charges pass through the inserted material before extrac-
tion, itisimportantto consider the band alignment of theinserted layer
with the absorber and CTL. In an ideal case, the inserted layer would
have atype Il (staggered) band alignment relative to the perovskite
absorber, with the relevant band extremum lying between the per-
ovskite and its CTL (Fig. 3a). In such a case, the desired charge carrier
would experience a minimal energetic barrier passing through the
heterostructure, and the undesired charge carrier would be repelled.

However, many inserted materials lack thisideal band alignment, and
amisaligned layer can potentially act as abarrier or trap. In cases with
non-idealband alignments orinwhich theinserted layer has low mobil-
ity for the desired carrier, the thickness of the inserted material will
determine the extent to which charge extraction is attenuated. Even
extreme band misalignment can have a negligible effect on charge
extraction if the inserted layer is thin enough for carriers to tunnel
pastit (Fig. 3b).

Heterostructure materials

A unifying property of inserted materials is that they are more sta-
ble than the underlying 3D perovskite. These inserted materials are
commonly compositionally related to perovskites, including 2D per-
ovskites, perovskitoids and other perovskite-related materials, but
unrelated materials are also used. For example, 2D perovskites and
low-dimensional perovskite-related materials areinserted by spin coat-
ingasolution of their spacer cationdissolved inisopropanol, in which
the 3D perovskite has weak solubility'®"°, The addition of a stronger
polar solvent, such as dimethylsulfoxide, or extensive post-treatment
annealing causes further disruption of the underling perovskite, result-
inginstead in a gradient heterostructure™ ',

Perovskites. As the PSC already contains a 3D perovskite absorber,
3D/3D perovskite heterostructures have primarily been used for par-
ticularly unstable perovskites, such as Pb-Sn narrow-bandgap® and
mixed-halide wide-bandgap'* absorbers. More commonly, 2D perovs-
kitesareinserted, for which the great variety of 2D-perovskite-forming
organic cations and high degree of bandgap tunability are key
advantages™ ", These advantages are particularly apparent in 2D
perovskites withahigh n value (n > 3), which tend to have natural type
Il band alignments with normal-bandgap (1.5-1.6 eV) 3D perovskites
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Fig.3| Common heterostructures and corresponding transport mechanisms.
a, Schematic showing the structure of a PSC (left) with a thick 2D-perovskite
inserted layer, represented by a stylized projection of the n =3 crystal structure
(middle; organic molecules omitted for clarity), and example band alignment
showing charge transport through the inserted layer (right). b, Schematic of a
structure with a thin 1D non-perovskite inserted layer, represented by a stylized

projection of the 8-FAPDI, crystal structure, and band alignment showing
tunnelling. ¢, Schematic of a structure with an inserted layer of gradient quasi-2D
perovskite, represented by a stylized projection showingn=1,2and 3 layers on
top of a3D perovskite, and band alignment showing gradient transport. FTO,
fluorine-doped tin oxide; ITO, indium tin oxide; IL, interlayer.

(Fig. 3a2)'7"7"1° However, the highly anisotropic charge transport
of 2D perovskites renders their orientation a primary concern when
inserting a thick (>10 nm) layer'®. Furthermore, the similar solubility
of 2D and 3D perovskites in most solvents rendersit difficult to cleanly
deposit a layer of 2D on 3D or vice versa without partially dissolving
the underlyinglayer, often producing a mixture of n values. Such per-
ovskites are sometimes described as quasi-2D (Fig. 3¢)">?°. Although
there are examples of similar insertions with 1D perovskites'”, these
are less commonly used due to their much wider bandgaps and uni-
directional charge transport. Low-dimensional perovskitoids have
also demonstrated potential as inserted layers with the ability to halt
spacer cation migration".

Perovskite-related materials. 1D face-sharing non-perovskite phases
represent another common type of inserted material'®*'?°, As for 2D
perovskites, these materials can typically be deposited using the same
methods as 3D perovskites, making their insertion simple. Although
they are highly air and water stable, these face-sharing materials tend to
have very wide bandgaps (>2.5 eV) and poor charge transport, making
them barriers to charge extraction. For this reason, inserted layers of
such materials need to be thin enough to enable charge-carrier tun-
nelling (Fig. 3b).

Other materials. A variety of other, perovskite-unrelated, materials
have been inserted into PSCs, including graphene'”, lead sulfide',
molybdenum disulfide'®’, aluminium oxide® and others, typically
deposited by thermal evaporation, sputtering or atomic layer dep-
osition. In contrast with the soft-lattice nature of 2D perovskites,

these materials typically exhibit intrinsically more robust structures,

which more effectively suppress ion diffusion across the interface,
thereby contributing to some of the best demonstrations of device
stability reported so far*"'. However, their efficiencies still lag
behind those achieved with molecular passivation strategies, such
as propane-1,3-diammonium iodide**® or ethane-1,2-diammonium
treatments®'°°, whose PCEs have already approached 27%.

Heterostructure grading
Most perovskite heterostructures with unrelated materials have a
sharp transition between the two layers and are known as bilayer het-
erostructures (Fig. 3a,b). However, low-dimensional perovskites and
related materials can mix with 3D perovskites, forming gradual tran-
sitions known as graded heterostructures (Fig. 3¢)">". Such graded
morphologies are particularly common in 2D/3D perovskite hetero-
structures, in which a gradient of n values is formed. These typically
form because the solvents used to deposit 2D perovskites partially
dissolve 3D perovskites, but recent work has shown that acetonitrile,
propylene carbonate and tetramethylene sulfone preferentially dis-
solve 2D perovskites and have minimal solubility for 3D perovskites’.
In other cases, careful choice of the 2D-perovskite spacer cations'°
or additional washing steps are necessary to ensure phase-pure 2D
layers™. Although solvent choice governs the initial topology of the
bilayer heterostructure, post-synthetic diffusion of organic cations is
still possible. Thus, the long-term heterostructure stability depends
on the spacer and cage cations and their relative ionic mobilities in
the 2D and 3D phases.

As graded heterostructures inherently contain a concentration
gradient of ions, they can encourage ionic diffusion across the het-
erostructure, especially for 2D/3D perovskite heterostructures™>*,
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This diffusion leads to a natural tendency for graded heterostruc-
tures to homogenize over time, sometimes rendering them less stable
than bilayer heterostructures, at which the sharp boundary between
layers can mitigate ion transfer between layers. This phase gradient
can, however, assist in transporting charge or reducing strain across
the heterostructure™. In one case, a gradient of halide composition
counteracts the diffusion of iodide anions towards the surface of the
perovskite, partially mitigating the effects of halide segregation'®. In
cases where the heterostructure is inserted at the buried interface,
the formation of abilayer becomes more difficult, as the solvents that
dissolve 3D perovskites nearly universally dissolve 2D perovskites’.
Although the emerging focus on operational stability for PSCs may
render bilayer heterostructures more stable, specific applications of
graded heterostructures, especially for wide- and narrow-bandgap
perovskites and at buried interfaces, will remain impactful.

Heterostructure interface selection

The final consideration for inserted materials is at which interface to
insertthem. This choiceis often dictated by the overall device architec-
ture, which determines which charge carriers are extracted at the buried
and exposed interfaces. Because most perovskite-related materials are
readily dissolved by the solvents used for 3D perovskite deposition, it is
difficult to fabricate aheterostructure at the buried interface without
destroying the underlying layer”**', For this reason, most hetero-
structures are inserted at the exposed interface!”107 10912 115116120-126138
Because most PSCsarefabricatedinap-i-narchitecture, these exposed-
interface heterostructures are typically inserted between the perovs-
kite and ETL, so their alignment with the conduction band of the 3D
perovskite is particularly important. Nevertheless, buried-interface
insertion has been demonstrated”*"*"*°, and a better understanding
of the nucleation and growth kinetics of 2D perovskites has enabled
single-step deposition of buried-interface 2D/3D heterostructures**.
However, such heterostructures are typically graded and vulnerable
toionmigration, so further work is necessary to access the fabrication
of phase-pure buried-interface bilayer heterostructures.

Overall, although the construction of heterostructures generally
offers amore robust approach than molecular passivation, careful
consideration is required regarding the specific materials employed.
For instance, when using 2D-perovskite capping layers, the selected
2D spacer should not penetrate the underlying 3D lattice, as this can
compromise surface passivation'*?, Conversely, incorporating more
rigid and compact non-perovskite materials can effectively mitigate
ion migration but may also hinder charge transport, which results in
lower efficiency gains compared with molecular passivation. Future
development of this strategy should focus on the rational design and
discovery of materials that preserve the structural robustness of the
heterostructure while maintaining efficient charge transport, evenin
relatively thick layers.

Formation of SAMs
SAMs have emerged as a promising and molecularly tunable strategy
for mitigatinginterfacial lossesin PSCs. Although solution-processing
methods such as dip coating, spin coating and spray coating are com-
monly used to deposit SAMs onto metal oxide surfaces, alternative
approachesinclude vapour exposure, thermal evaporation andincor-
porationinto the perovskite precursor solution'*. By forming a single-
or several-molecule-thick layer through spontaneous chemisorption
onsolid substrates, SAMs enable precise control over surface energet-
ics, facilitate chemical passivation of interfacial defects and promote
favourable perovskite growth without adding parasitic absorbance
or resistive loss. Their molecular versatility makes them particularly
compelling for p-i-n device architectures, where they areimplemented
atthe bottom interface as hole-selective layers (Fig. 4a).

A key advantage of SAMs lies in their modular molecular nature,
comprising three components: an anchoring group, a molecular

linker and a terminal head group (Fig. 4b). Each component plays a
distinct role in shaping the chemical and electronic landscape of the
interface'**. This collective functionality allows SAMs to simultaneously
address multiple bottlenecks in perovskite photovoltaics, including
device stability, charge extraction and perovskite crystallization.

Anchoring group

Theanchoringgroup facilitates the interaction between the SAM and
the substrate (typically a metal oxide such as SnO, or NiO,) through
covalent or coordinative bonds. The binding strength of common
anchoring groups, such as phosphonic acid, carboxylic acid, boric
acid, cyanovinyl acid and silane groups, is tied to their pK, values,
whichgoverntheir degree of deprotonation and thus their ability to
form strong, stable bonds on metal oxide surfaces (Fig. 4c, right)'*.
Low-pK, groups such as phosphonic acids anchor more robustly than
higher-pK, groups such asboricacids, whereas silanes form covalent
siloxane (Si—-O-Si) networks after hydrolysis**®**. It is also impor-
tant to consider the long-term adhesion and hydrolytic stability of
these anchoring groups under ambient conditions. Silane groups,
though capable of forming covalent siloxane networks, are prone
to hydrolytic degradation, and their polymeric framework must be
carefully controlled to avoid forming a disordered, poorly packed
siloxane layer that compromisesinterfacial integrity***’, In contrast,
phosphonic acids exhibit markedly higher hydrolytic resilience and
interfacial binding°. Mechanistically, they initially absorb to the
substrate viahydrogen bonding and subsequently undergo thermal
annealing (condensation) to form covalent metal-oxygen-phospho-
rus bonds. Iterative cycles of deposition, annealing and washing to
remove unbound molecules further promote the formation of adense,
well-ordered monolayer. In addition to strong adhesion, anchoring
groupsinfluence the molecular dipole by modulating electron density
withinthe molecule. This tuning of the molecular dipole subsequently
altersthe energy levels of the substrate, enhancing its work function
alignment with the perovskite, thus improving charge extraction and
device performance.

Thethermal and ultraviolet stability of SAMs s largely dependent
onthe molecularintegrity of the monolayer and the chemical robust-
ness of the anchoring group-substrate bond, where long-lived anchor-
ingunder environmental and photonic stressis directly correlated with
theretention of device performance over time"""*>, Phosphonic acids
are currently the most widely used and effective anchoring groups
duetotheir strong substrate binding through mono-, bi- or tridentate
bonds, establishing them as the most effective and industrially viable
motif developed to date™>'*"%7_ However, some studies suggest that
the strongacidity of phosphonicacids may lead to undesirable chemi-
cal interactions with the perovskite and underlying substrate'*°, As
aresult, research has begun to explore weaker acids, such as boric
acid, which effectively reduces acidic degradation while maintaining
strong adhesion under operational stress'. In n-i-p device architec-
tures, recent work has explored the placement of SAMs on top of the
perovskite layer. Lattice-matched anchoring groups enable epitaxial
self-assembly of SAMs, aligning molecular dipoles with the perovs-
kite lattice and contributing to defect passivation by interacting with
under-coordinated surface sites'®'. Collectively, these strategies high-
light the crucial role of anchoring groups in stabilizing the interface,
but also actively tuning the electronic properties of PSCs.

Linker

Thelinker functions as the molecular bridge that connects the anchor-
ing group to the terminal head group. Although it does not directly
interface with the substrate or the perovskite, its chemical identity—
whether rigid or flexible, conjugated or insulating—can strongly influ-
ence molecular orientation, packing density and monolayer ordering'®”.
As such, linker design offers a subtle yet powerful strategy for tuning
the function of the entire SAM.
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Fig. 4 | Functional SAMs for PSC passivation. a, Schematic of a PSC with an exaggerated SAM layer (orange). b, Schematic of the SAM components. ¢, Common
functional head groups (left), linker units (middle) and anchoring groups (right) used in functional SAMs.

Initially, SAMs were predominantly based on alkyl chain linkers.
However, the electronically inert nature of these chains limits their
effect on interfacial energetics and charge-carrier dynamics'®>. To
overcome these limitations, recent work has investigated aromatic
linkers such as thiophene, thiadiazol, naphthalene and phenyl deriva-
tives (Fig. 4c, middle)'**'”. These systems have demonstrated reduced
interfacial trap densities, enhanced energy-level alignment,and more
efficient charge extraction, resulting in higher PCEs and improved
operatingstability in both single-junction and tandem architectures'*®.
Increasing the degree of conjugation within the linker furtherimproves
charge transport across the SAM; however, this strategy must be bal-
anced carefully, as the incorporation of excessively bulky aromatic
systemsintroduces steric hinderance, disrupting molecular ordering
and compromising monolayer stability'*’.

Functionalized head group

Positioned at the interface with the perovskite layer, the head group
shapes interfacial dipoles and guides crystal growth, making its stra-
tegic design paramount for optimizing both efficiency and operat-
ing stability in PSCs. The earliest application of SAMs as HTLs in PSCs
involved dimethoxydiphenylamine-substituted carbazole phosphonic
acidsanchoring directly onto metal oxide surfaces (Fig. 4c, left)"”°. This
design not only combines hole-extracting functionality with a tailored
interfacial dipole, but also facilitates efficient charge transport by align-
ing the highest occupied molecular orbital level of the SAM with the
valence band maximum of the perovskite. This work has since catalysed
awave of research focused on deliberately modifying the head group

chemistry to fine-tune charge selectivity, crystallization pathways and
long-term monolayer stability.

To optimize head group functionality beyond charge extraction,
strategies involving Lewis bases have emerged, where terminal head
groups engage uncoordinated Pb* ions at the perovskite surface. These
interactions, often mediated by lone pairs on electronegative atoms
suchas halogens or chalcogens, passivate surface defects and suppress
non-radiative recombination'’. Additionally, such coordination can
direct nucleation and the growth of larger, more uniform perovskite
grains—benefits that translate into improved film morphology and
enhanced performance.

Carbazole-based SAMs have arguably become one of the most
prominent and extensively utilized classes of hole-transport mate-
rials in inverted PSCs”>"*, Their performance has been improved
through m-expanding the carbazole core to enhance m-minteractions
and dipole moments'*7, Halogen substitution has also proven effec-
tive, simultaneously enhancing the interfacial dipole and passivating
Pb?* defects via Pb-X bonding, resulting in better energy alignment
and more efficient hole extraction”’. Motivated by the success of
carbazole-based systems, other tricyclic aromatic compounds, such
as phenothiazine, have emerged as promising candidates for SAMs,
exhibiting similar beneficial properties in terms of hole selectivity
and monolayer stability™°. Ullah et al.' developed a family of SAMs
incorporating chalcogenatoms (Q = O, Sor Se) into the tricyclic core,
leveraging heteroatom substitution to modulate interfacial energetics
toalign with the perovskite and passivate interfacial defects via Pb-Q
Lewis acid-base interactions.
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Aside from carbazole-based SAMs, triarylamine derivatives have
alsogarnered attention as effective hole-transport SAMs. Whereas car-
bazolesarerigid and planar, promoting dense packing and well-aligned
interfacial dipoles, non-planar triarylamines are more flexible. This
flexibility can reduce monolayer order, butit also allows triarylamines
toaccommodate mechanical stress from the perovskite layer, helping
todissipate interfacial strain and maintain robust charge transport'®.
Modifications of the triarylamine core (for example, substituting with
fluorine), along with other electron-donating groups (such as methoxy
and methyl groups), enhance performance'®*™'®, A notable example
featuresatriarylamine head group and acyanovinyl anchoring group
forming an amphiphilic molecule'®. The hydrophilic anchor ensures
firm surface binding, whereas the hydrophobic head stabilizes the
interface, resultingin awell-anchored monolayer and an unabsorbed
overlayer, promoting superwetting behaviour thatleads to exception-
ally uniform perovskite films. This demonstrates how cooperative
design of the SAM canyield multifunctional interfacial benefits.

Despite these advantages, the ultrathin nature and solubility of
SAMs make them prone to etching during film formation and diffusion
during operation, compromising interface stability. To mitigate this,
polymeric and crosslinking SAMs have been developed to improve
thermostability and solvent resistance by forming covalently bonded
networks that reduce desorption and enhance structural integrity
under stress'” %,

Unlike heterostructure or multifunctional molecular passivation
strategies, where nowidely accepted baseline has yet emerged, the SAM
strategy has already become awidely accepted standard for HTLs. Itis
now routinely employed in nearly all reported devices, whether they
are single junction or tandem™"'*, Notably, carbazole-based SAMs
have delivered some of the highest reported device performances
to date'**'”’; however, it remains unclear whether this reflects their
intrinsic superiority or simply the fact that they are the most extensively
studied and mature class of SAMs, and whether other head groups
or functional modifications might achieve comparable results given
further exploration and development. Future advancements in SAMs
are likely to focus on simultaneously enhancing device efficiency and
stability, withtailored anchoring groups, linkers and head groups pro-
viding a versatile platform to precisely control interfacial energetics,
charge transportand structuralintegrity for high-performance devices.

Outlook

Asthe PCE of single-junction perovskite photovoltaics approaches that
of siliconand nearsits practical limit, the disparity in long-term operating
stability between the two technologies becomesincreasingly apparent.
Bridging the performance-stability gap in perovskites requires not only
the development of intrinsically more robust materials, especially inthe
narrow-and wide-bandgap regimens utilized in multi-junction PSCs, but
alsobetter control overinterface chemistry, defectlandscapes and device
architectures. Oxidation of Snin narrow-bandgap perovskite precursor
solutions and bulk phases is mitigated using reductive and chelating addi-
tives, butl,generated atinterfaces oxidizes Snevenin the absence of oxy-
gen. Theformation of I, atinterfaces has also beenlinked tolight-induced
halide segregationin mixed-halide wide-bandgap perovskites, indicating
that stable multi-junction PSCs will require a careful look at the chemical
stability and defect distribution of perovskite-CTL interfaces. Even for the
relatively more stable normal-bandgap perovskites, degradation under
light, heat, moisture and electric field stress is ofteninitiated or acceler-
ated at these interfaces. As such, interfacial engineering has become
central to improving long-term operational durability.

Molecular passivation, heterostructure insertion and functional
SAMs have each demonstrated promise in mitigating degradation
pathways originating at perovskite-CTL interfaces. Molecular pas-
sivation, albeit well established for exposed-interface passivation,
remainstobe thoroughly explored at the buried interface,andamore
thorough understanding of the distribution of defects at specific

perovskite-CTLinterfaces and their effects on charge extraction would
inform a rationally designed passivation strategy. Heterostructure
insertionis similarly limited to the exposed interface as the solubility
of 2D perovskites in 3D perovskite precursor solutions complicates
buried-interface insertion. SAMs, however, are primarily limited to
theburied interface, actingas HTLs in p-i—n devices, whereas effective
ETL SAMs are an ongoing pursuit. Furthermore, these methods are
not mutually exclusive, and concomitant passivation using multiple
techniques has the potential to further benefit device performance.
However, substantial work remains in the adaptation of these three
methods towards scalable deposition techniques such as blade coating
and slot-die coating—anecessary translation for interface passivation
tobeimplemented at the industrial scale.
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