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ABSTRACT

Despite significant advancements in the study of metal halide perovskites worldwide, the large-scale

industrialization of related optoelectronic devices faces ongoing challenges related to efficiency, long-term

stability, and environmental and human toxicity. Self-assembled molecules (SAMs) have recently emerged

as crucial strategies for enhancing device performance and stability, particularly by mitigating

interface-related challenges. This review provides a comprehensive examination of the multifaceted roles of

SAM:s in enhancing the performance and stability of perovskite optoelectronic devices. We begin by

introducing the evolution of SAMs, their unique physicochemical properties and implemented applications
in optoelectronic devices. Subsequently, we delve into the diverse beneficial effects of SAMs in perovskite

devices and elucidate the underlying atomic-scale mechanisms responsible for these performance

enhancements. Finally, we critically analyze the current challenges associated with the rational design and

implementation of SAM:s in perovskite devices and conclude by outlining promising future research

directions.

Keywords: optoelectronics, self-assembled molecules, atomic-scale mechanism, interface engineering,

halide perovskites

INTRODUCTION

Metal halide perovskites, as emerging optoelectronic
semiconductor materials, have experienced rapid
advancements in various applications, including so-
lar cells, photodetectors, light-emitting diodes and
lasers [1,2]. These materials are characterized by
their tunable bandgap, high optical absorption, low
exciton binding energy, high carrier mobility and
cost-effectiveness. The unique electronic structure
of metal halide perovskites plays a crucial role in their
superior performance, featuring strong band-edge
dispersion, cross-bandgap hybridization, band-edge
antibonding states and Rashba spin splitting [3].
Significant progress in perovskite optoelectronic
devices has been achieved through a compre-
hensive understanding of the structure—property
relationship of these materials. Notably, the power
conversion efficiency (PCE) of perovskite solar cells
(PSCs) has surpassed 26% [4], while the external

quantum efficiency (EQE) of perovskite light-
emitting diodes (PeLEDs) has exceeded 30% [5],
as of 2024. Enhancing cost-effectiveness by improv-
ing both efficiency and long-term stability, while
simultaneously reducing environmental and human
toxicity, is crucial for the large-scale industrialization
of perovskite materials. This pathway presents both
challenges and research opportunities throughout
the entire process, from material design to device
synthesis.

PSC and PeLED devices share similar architec-
tures, comprising essential components such as the
active layer, charge transport layers and electrodes.
Over the past decade, the optimization of PSCs has
led to the development of well-established chemical
compositions for the active layer. This progression
has evolved from A-site cations, such as methylam-
monium (MA) and formamidinium (FA) [6], to
multi-cation and mixed-halide alloys [ 7], resulting in
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Figure 1. Four modes of SAM application in perovskite optoelectronic devices (middle panel), along with their associated effects and corresponding
atomic-scale mechanisms. (a) Optimization of interfacial charge transport through defect passivation and energy level alignment. Adapted with permis-
sion from [17] and [16]. Copyright 2020, Royal Society of Chemistry. Copyright 2017, Wiley-VCH. (b) Regulation of interfacial wettability and uniformity
via surface energy modulation and control of crystal growth. Adapted with permission from [18] and [19]. Copyright 2019, Wiley-VCH. Copyright 2015,
American Chemical Society. (c) Enhancement of interfacial mechanical strength and alleviation of interfacial stress through improved contact and flex-
ible connections. Adapted with permission from [21] and [20]. Copyright 2021, American Association for the Advancement of Science. Copyright 2023,
Springer Nature. (d) Improvement of interfacial chemical stability through physical isolation and chemical anchoring. Adapted with permission from
[22] and [23]. Copyright 2020, Springer Nature. Copyright 2024, Wiley-VCH. CB: conduction band; VB: valence band; CTL: charge transport layer; TCO:
transparent conductive oxide; PVK: perovskite.

several widely adopted formulations. In recent years,
surface and interface engineering have emerged
as key factors influencing device performance.
Accordingly, many studies have been conducted
focusing on the optimization of transport layers. A
range of materials with excellent charge transport
properties have been developed for use as elec-
tron transport layers, including TiO,, ZnO, SnO,,
Cso and PC5BM ([6,6]-phenyl-C61-butyric acid
methyl ester), as well as hole transport layers such
as Spiro-OMeTAD (2,2)7,7-tetrakis(N, N-di-p-
methoxyphenylamine)-9,9*spirobifluorene), NiOx,
PEDOT: PSS (poly(3,4-ethylenedioxythiophene:
polystyrenesulfonate)) and PTAA (poly[bis(4-
phenyl) (2,5,6-trimethylphenyl)-amine] ). However,
these materials face persistent challenges, including
high processing temperatures, low stability, poor
interface contact quality (interface defects), signifi-
cant parasitic absorption and high production costs
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[8,9]. In this context, self-assembled molecules
(SAMs) have been successfully applied in perovskite
optoelectronic devices. SAMs can serve as transport
layers on both sides of the perovskite [10,11] or be
used to modify the surface of the bottom transport
layer [12,13] and the top surface [14,15] of the
perovskite (Fig. 1).

The beneficial effects of SAMs on optoelectronic
devices, as observed through experimental methods,
are primarily attributed to the atomic-scale inter-
actions between SAMs and the various functional
layers within the device (Fig. 1). First, SAMs can
introduce additional dipoles to regulate interfacial
energy level alignment [16] and passivate interfacial
defects [17], thereby optimizing the carrier trans-
port process at the interface. Second, SAM-modified
interfaces can influence surface energy [18] and
perovskite growth [19], thereby controlling the
wettability of perovskite precursor solutions and
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enhancing the uniformity of perovskite films. Third,
the intrinsic flexibility of SAMs, along with the ad-
ditional interfacial interactions they introduce, can
alleviate interfacial stress [20] and strengthen the
interfacial bond [21]. Finally, the barrier [22] and
anchoring effects [23] of SAMs at the interface can
improve the chemical stability of optoelectronic de-
vices by inhibiting undesirable chemical reactions or
phase segregation. In recent years, the mechanisms
outlined above have been widely applied to single-
junction and tandem PSCs, as well as PeLEDs,
becoming key factors in enhancing both device
efficiency and long-term stability. In the supporting
information (Table S1), we summarize major works
published between 2018 and 2024 that focus on the
design and application of SAM layers. This includes
a compilation of the achieved device efficiencies
and long-term stability under specific conditions.
Through the rational use and optimization of SAMs,
the PCE of single-junction PSCs has exceeded 26%
[12], the EQE of PeLEDs has approached 20% [24],
and the efficiency of perovskite-silicon tandem solar
cells has surpassed 32% [25].

In this review, we summarize the diverse benefi-
cial effects of SAM:s in perovskite optoelectronic de-
vices, along with the underlying atomic-scale mech-
anisms. We begin by outlining the evolution of
SAMs, molecular structural characteristics, physico-
chemical properties and implemented applications
of SAMs in optoelectronic devices. Next, we re-
view how SAMs regulate and optimize various
interfacial properties in perovskite optoelectronic
devices, including charge transport, wettability, uni-
formity, stress, mechanical strength and chemical
stability. We then provide a mechanistic explanation
for the superior interfacial modification capabilities
of SAMs by summarizing the atomic-scale physical
and chemical processes underlying each effect. Fi-
nally, we discuss the challenges faced by SAMs in
characterization, usage and design, and provide cor-
responding potential solutions and valuable research
directions for each.

OVERVIEW OF SAMS
Evolution of SAMs

The term most commonly associated with the
abbreviation SAMs is ‘self-assembled monolayers’
However, in this context, we expand the concept
to ‘self-assembled molecules’ to highlight that, in
some contemporary applications, the formation of
a strict monolayer is not always observed [26], and
amorphization may even occur [27]. The research
on SAMs has a long history, with the field gaining
significant attention even before its application in
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the physical modification of optoelectronic de-
vices. As early as the 1940s, researchers successfully
synthesized SAM monolayers [28]. Although the
practical applications of SAMs were not fully re-
alized at that time, their theoretical significance in
surface modification and the integration of 2D-3D
materials was already apparent [29]. In subsequent
studies, SAMs were rapidly adopted for the electrical
and optical modification of material surfaces, lead-
ing to numerous practical applications, including
corrosion protection, lubrication, sensors and elec-
tronic devices [30]. In 2014, SAMs were employed
to enhance charge transport in PSCs [31], marking
the beginning of their widespread use in perovskite
optoelectronic devices and establishing them as a
crucial method of interfacial modification. Over
the past five years, SAMs have played a pivotal role
in research focused on efficiency breakthroughs in
both PSCs and PeLEDs.

Molecular structure of SAMs

The fundamental structural characteristics of SAMs
can be categorized into three components: the termi-
nal group, the linker group and the anchoring group.
In an ideal scenario, the anchoring group facilitates
the chemical adsorption of SAMs onto the substrate,
while the linker and terminal groups promote the
self-assembly process of the monolayer molecules,
ultimately leading to the spontaneous formation of
a dense and stable self-assembled monolayer on the
substrate.

When used as a transport or modification layer
at the buried interface, the terminal groups of SAMs
are typically in direct contact with the perovskite
layer. Conversely, when applied as a modification
or transport layer on the surface of perovskite, the
terminal groups interact with the transport layer or
electrode material. As the key groups influencing
the properties of the modified surface, the terminal
groups play a critical role in controlling wettabil-
ity, regulating crystal growth, improving charge
transport, modulating energy band alignment, pas-
sivating surface defects and enhancing interfacial
stability and long-term device reliability. SAMs used
in optoelectronic devices typically require good
conductivity, which is provided by conjugated struc-
tures (Fig. 2a) such as carbazole and its derivatives
[32-35], triphenylamine and its derivatives [36],
phenothiazine [37], acridine [38], naphthalene-
imide [39,40] and fullerenes [41], among others.
In addition to enhancing conductivity, conjugated
structures can promote the self-assembly process
through intermolecular -7 interactions. However,
excessive aggregation must be avoided, as it can lead
to inhomogeneity [42]. As the component with
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Figure 2. Representative examples of terminal groups, linker groups and anchoring groups in SAMs as reported in the literature (a—c), along with the

intrinsic advantages of each type of functional group (d—f).

the highest mass fraction in SAMs, the terminal
functional groups generally demonstrate relatively
low molecular weights and structural complexity
(typically exhibiting lower values compared to
benchmark materials such as Spiro-OMeTAD).
This inherent simplicity facilitates the formation
of thin, structurally simple layered configurations.
Consequently, SAMs present reduced synthetic
complexity and comparatively lower manufacturing
costs. Building on the structures shown in Fig. 2a, ter-
minal groups can be further modified by introducing
a variety of functional groups at different positions
on the phenyl group, thereby increasing the degree
of control over the properties of the terminal groups.
By rationally designing these terminal groups, the ef-
ficiency, stability and other properties of perovskite
optoelectronic devices can be optimized.

The linker groups in SAMs serve as the molec-
ular backbone, connecting the anchoring group to
the terminal group. Common linker groups include
alkyl chains and aromatic conjugated groups, which
modulate intramolecular interactions between the
terminal group and the anchoring group (sub-
strate), intermolecular interactions (e.g. van der
Waals forces) and interactions with the solvent (e.g.
solubility). Representative linker groups (Fig. 2b) re-
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ported in the literature include alkyl chains, benzene
[36], naphthalene [43], thiophene [44], benzoth-
iadiazole [45] and others. For linker groups with
conjugated structures, photogenerated electrons can
migrate along the longitudinal axis of the molecule
through the conjugated 7-electron system. In con-
trast, linker groups with non-conjugated structures
may inhibit or decouple electron migration between
the upper and lower portions of the molecule,
thereby affecting the efficiency and pathway of
charge transport. For example, Levine et al. found
that increasing the length of the alkyl chain in SAMs
enlarges the tunneling barrier, thereby leading to
lower hole transport efficiency [46]. The anchoring
and terminal groups together determine the layer
thickness and molecular geometry when the SAM
forms a layered structure.

Anchoring groups play a crucial role in the
molecular design of SAMs and are involved in the
bonding interactions between each molecule and
the substrate through chemical reactions such as
hydrolysis and condensation, thereby determining
the bonding strength between the substrate and the
SAM. Various anchoring groups (Fig. 2¢), including
phosphonic acid [33], carboxyl [36], silanol [21],
sulfonic acid [47], boronic acid [48], thiol [49],
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hydroxyl [S0] and amino [51], have been developed
to anchor onto metal oxides and other substrates
such as indium tin oxide (ITO), fluorine-doped tin
oxide (FTO), NiOy, TiO, and SnO, through dif-
ferent types of interactions. The anchoring process
influences the tilt angle of the molecule with respect
to the surface normal vector, the work function of the
substrate, interfacial dipoles, contact resistance and
interfacial charge transfer, thus significantly impact-
ing the electronic function and performance stability
of perovskite optoelectronic devices [52,53]. When
in contact with perovskite, the chemical activity of
the anchoring groups imparts defect passivation
capabilities, and the ionization and protonation of
anchoring groups can also affect their passivation
efficiency for different types of defects [S4]. Further
modification of the anchoring groups can also en-
hance the potential for property tuning, such as by
adding cyano groups (e.g. cyanoacetic acid [45] and
cyanovinyl phosphonic acid [55]).

Physicochemical properties of SAMs

Due to the inherently ‘modular’ structure of SAMs,
they offer a vast range of controllable physical-
chemical properties. The combined functionality of
the various components (Fig. 2d—f) of the SAM
contributes to its intrinsic advantages. SAMs pos-
sess three distinct advantages compared to conven-
tional metal oxide charge transport materials (such
as TiO,, SnO,, ZnO and NiO, ) and common inter-
facial modification molecules. Firstly, by introducing
uniform molecular dipoles, SAMs effectively tune
the work function of the substrate. This capability
is critical for optimizing charge transport and en-
ergy level alignment in electronic devices. Secondly,
SAMs can be prepared via a thermodynamically fa-
vorable self-anchoring process from vapor or liquid
phases under mild reaction conditions. This allows
for scalable and flexible manufacturing while mini-
mizing energy consumption and production costs.
Thirdly, the monomolecular thickness of SAM lay-
ers leads to minimal material consumption and re-
duced parasitic absorption, which enhances device
efficiency and reduces costs.

SAMs form films with high surface uniformity
and structural stability, excellent corrosion and wear
resistance, and long-term durability, meeting the re-
quirements for high-performance devices that de-
mand surface accuracy and robustness. Additionally,
mechanical stability is another significant advantage
of SAMs. Mechanical stress in solution-processed
thin-film electronics can lead to severe degradation
of device performance. However, the strong cova-
lent bond between the anchoring group and the
substrate, coupled with the softer interactions be-
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tween the linker and terminal groups (e.g. van der
Waals forces or -7 interactions), endows SAMs
with good tolerance and even self-healing capabil-
ities in response to intermolecular displacement or
deformation caused by mechanical stress [56].

Implemented application of SAMs in
optoelectronic devices

Due to the structural flexibility of SAMs, certain
SAMs can serve as active materials in optoelectronic
devices. SAMs with a donor—m-bridge-acceptor
structure, for example, can function as sensitizers
in dye-sensitized solar cells (DSCs) [57] and as
photoactive materials in organic solar cells [$8]. In
terms of interfacial modification, SAMs offer a di-
verse range of functionalities. In the 2000s, SAMs
were already being used for the surface modification
of ITO electrodes in organic light-emitting diodes
and organic solar cells, with the aim of enhancing hy-
drophobicity [S9] and improving charge transport
[60,61]. Additionally, SAMs have been employed for
the surface modification of oxides in DSCs, improv-
ing their binding strength with sensitizers [62,63].
The development of PSCs has been significantly
influenced by advancements in organic solar cells
and DSCs. Regarding SAM applications, in addition
to similar interface modification strategies, various
functions specifically tailored for perovskite systems
have emerged. In the next section, we provide a de-
tailed overview of the observable effects induced by
SAMs in perovskite optoelectronic devices.

BENEFICIAL EFFECTS OF SAMS IN
PEROVSKITE DEVICES

Improving interfacial charge carrier
transport

The most significant modification that SAMs induce
in perovskite optoelectronic devices is the modula-
tion of interfacial charge carrier transport properties
(Fig. 3a) [64]. One of the most successful applica-
tions is their use as a modification for hole transport
layers or as hole transport layers themselves. Steady-
state photoluminescence (PL) and quasi-Fermi level
splitting (QFLS) are common techniques used to
study charge transfer kinetics at interfaces.

In PSCs, primary functions of SAMs include sup-
pressing non-radiative recombination and enhanc-
ing interfacial charge transfer, thereby improving
overall device performance. Modifying the NiO,
hole transport layer [65] in PSCs with SAMs or di-
rectly applying SAMs as the hole transport layer [35]
can significantly enhance PL (Fig. 3b) and QFLS
(Fig. 3d), demonstrating SAMs’ remarkable ability
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Figure 3. Experimental techniques used to observe the enhancement of charge transport, wettability and uniformity in perovskite optoelectronic devices

by SAMs. (a) Schematic diagram of interfacial charge transport. Adapted with permission

from [64]. Copyright 2022, Wiley-VCH. (b) Photoluminescence

spectra. Adapted with permission from [65]. Copyright 2022, Springer Nature. (c) Time-resolved photoluminescence. Adapted with permission from [67].

Copyright 2020, American Association for the Advancement of Science. (d) Quasi-Fermi
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to reduce non-radiative recombination of carriers at
the interface. Notably, time-resolved PL (TRPL) is
a more intuitive method for characterizing the rate
of PL decay. However, due to the multifunctional-
ity of SAMs in enhancing interface charge extrac-
tion and suppressing non-radiative recombination,
distinguishing the primary factors influencing PL de-
cay is essential. Examining changes in the slope of
TRPL provides an effective means of differentiation
[66]. Rapid changes in TRPL on short time scales
indicate enhanced interface transport, while slower
changes on longer time scales reflect the suppres-
sion of non-radiative recombination. Recent stud-
ies [67] show that SAMs can accelerate interface
charge transport while simultaneously suppressing
non-radiative recombination processes (Fig. 3c).
Improving interface charge transport with SAMs
can significantly enhance the efficiency of PSCs.
Many recent breakthroughs in efficiency records
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for single-junction and tandem PSCs have been
achieved through SAM design. In PeLEDs, the role
of SAMs is primarily to enhance radiative effi-
ciency and regulate exciton recombination dynam-
ics. When SAMs are used to modify the hole trans-
port layer [68] of PeLEDs or directly as the hole
transport layer [69], they can passivate film defects
to increase PL and QFLS intensity, as well as the
current at the same excitation voltage and the radia-
tive lifetime as characterized by TRPL. These mod-
ifications have also contributed to multiple break-
throughs in achieving record EQE for blue PeLEDs.
Itis worth noting that the enhancement of interfacial
carrier transport by SAMs is not limited to the hole
transport interface. For example, modifying SnO,
[70] and TiO, [71] electron transport layers with
fullerene-derived SAM:s has also been proven to be
an effective approach for enhancing electron trans-
port and extraction.
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Enhancing wettability and uniformity

The wettability of the substrate primarily influences
the perovskite film formation process and is a criti-
cal factor in regulating both physical contact at the
interface and the morphology of perovskite grains.
As an effective surface modification technique,
SAMs can efficiently alter the wettability of the
substrate. The most commonly used experimental
method to measure wettability is the contact angle
measurement (Fig. 3e). By using different types of
SAM:s, the hydrophobicity and hydrophilicity of the
substrate surface can be modified, leading to both
increases [72] and decreases in the contact angle
[43,49]. Kim et al. demonstrated continuous mod-
ulation of the contact angle by employing different
SAMs (Fig. 3f) as the modification layer for ultra-
thin Au. As the contact angle decreased, the per-
ovskite grain size gradually reduced (Fig. 3g and h)
[49]. The reduced grain size enhances the EQE of
PeLEDs by confining excitons within grains to in-
crease the radiative recombination rate, reducing sur-
face pinholes to improve the uniformity and cover-
age of the nanograin layer, and minimizing current
leakage while limiting exciton diffusion to suppress
exciton dissociation [49,73].

Interface uniformity (Fig. 3i) is a crucial fac-
tor in the preparation of large-scale, high-efficiency
perovskite devices [74]. SAMs can significantly im-
prove interface uniformity. This enhancement can
be categorized into two aspects: one is the improve-
ment in the uniformity of substrate morphology af-
ter modification [75], and the other is the macro-
scopic distribution uniformity of perovskite crys-
talline films [43]. The improvement in uniformity
resulting from the addition of SAMs can be observed
through atomic force microscopy (AFM) and PL
mapping. AFM clearly shows the differences in sur-
face roughness of the SnO, transport layer before
and after SAM modification (Fig. 3j). A reduction
in roughness indicates improved substrate unifor-
mity during perovskite deposition [75]. PL mapping
provides a clear characterization of the distribution
of the deposited perovskite films, including micron-
scale voids caused by material deficiencies. These
voids can be effectively filled by adjusting the type of
SAM used to modify the substrate (Fig. 3k), thereby
optimizing the film’s uniformity [43].

Mitigating interfacial stress and
enhancing mechanical strength

During the layer-by-layer spin-coating crystallization
process of perovskite optoelectronic devices, inter-
face stress (Fig. 4a) [76] inevitably develops after
crystallization due to the mismatch of lattice param-
eters between different crystalline materials. SAMs,
with their flexible molecular structure and poten-
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tial non-chemical interactions at the terminal groups,
can act as a buffer layer, alleviating interface stress.
The ratio of the diffraction angle to the sine of
the tilt angle in grazing incidence X-ray diffraction
(GIXRD) measurements can be used to estimate
the residual stress in the material. The addition of
SAMs significantly reduces this ratio, effectively reg-
ulating interface stress [77,78]. Zhang et al. found
that modifying the NiO, surface with different SAMs
(Fig. 4b) could alleviate the perovskite-NiOy inter-
face stress to varying degrees [ 77]. Cao et al. demon-
strated that a co-SAM blending approach (Fig. 4c)
allows for more precise control over both the direc-
tion and magnitude of the stress [78]. Furthermore,
the Williamson-Hall method can estimate residual
strain through the diffraction angle and the full width
at half maximum of the X-ray diffraction (XRD) peak
(Fig. 4d), and the proper incorporation of SAMs can
also reduce residual strain [79].

The presence of residual stress can weaken the
interface, thereby reducing the overall mechanical
stability of optoelectronic devices. Interface me-
chanical strength (Fig. 4e) [80] plays a crucial
role in determining the structural stability of per-
ovskite optoelectronic devices during processes such
as transportation, installation and exposure to ther-
mal stress. It is a key factor influencing the device’s
lifetime, in addition to the intrinsic stability of the
functional layer materials. Experimental methods,
such as the double-cantilever beam (DCB) method
[21,81] or the fixed-radius bending method [65],
can be used to measure the mechanical strength of
the device. The incorporation of SAM:s significantly
enhances the stability of devices in both tests. Dai
et al. found that SAMs with I-terminal groups [21]
can increase the interfacial adhesion toughness be-
tween the transport layer and the perovskite by 50%
(Fig. 4fand g). Li et al. demonstrated that modifying
the NiOy layer with SAMs [65] enabled the flexible
PSC device to maintain a constant PCE after 10 000
bending cycles (Fig. 4h).

Preventing chemical degradation and
phase segregation

One of the key factors influencing the chemical
stability of perovskite optoelectronic devices is
the detrimental chemical reactions (Fig. 4i) [82]
that occur between the active layer and the charge
transport layer/electrode. The protonated A-site
ions of perovskite and halide ions are chemically
reactive, allowing them to interact with metal oxide
layers [83]. The introduction of SAMs can help
inhibit these reactions. XRD can effectively
characterize this inhibitory effect [77,84]. For
example, changes in the Pbl, peak before and after
SAM modification (Fig. 4j) can be used to assess the
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Figure 4. Experimental techniques used to observe the effects of SAMs on interfacial stress release, enhancement of mechanical strength, and sup-
pression of chemical reactions and phase segregation in perovskite optoelectronic devices. (a) Schematic diagram of interfacial stress. Adapted with
permission from [76]. Copyright 2022, American Chemical Society. (b, c) Grazing incidence X-ray diffraction. Adapted with permission from [77]. Copy-
right 2022, Wiley-VCH. Adapted from [78], licensed under CC BY 4.0. (d) Williamson-Hall method. Adapted with permission from [79]. Copyright 2023,
Elsevier. (e) Schematic diagram of mechanical strength. Adapted with permission from [80]. Copyright 2021, Elsevier. (f, g) Double-cantilever beam
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suppressive effect of SAMs on the detrimental reac-
tion between the perovskite and NiOy [77]. In the
case of Sn-based perovskites, Sn is prone to oxidation
by under-coordinated metal ions in metal oxides, a
process that SAMs can inhibit. X-ray photoelectron
spectroscopy (XPS) can be employed to quantify the
amount of under-coordinated metal ion reactants
(Fig. 4k), thus allowing for the observation of SAMs’
inhibitory effect on this oxidation process [85].
Phase segregation within the perovskite active
layer is another significant issue that impacts the
long-term stability of perovskite optoelectronic de-
vices. The formation of new phases due to phase
segregation can cause shifts in the peak positions
of the PL spectrum. However, SAMs can effectively
suppress these shifts in peak positions [67,86,87].
Al-Ashouri et al. demonstrated a clear suppression
of perovskite phase segregation by using SAMs, as

Page 8 of 17

evidenced by comparing the PL intensities at 780 nm
(corresponding to the I-rich phase formed by phase
segregation) and 740 nm (corresponding to the per-
ovskite without phase segregation). The ratio be-
tween these intensities remained constant (Fig. 41),
indicating that SAMs effectively inhibit phase segre-
gation [67].

ATOMIC-SCALE MECHANISMS
UNDERLYING BENEFICIAL EFFECTS OF
SAMS

Defect states passivation

The influence of defects on interface charge trans-
fer in perovskite optoelectronic devices arises
from disturbances to the electronic structure. The
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introduction of additional atoms or partial atomic
vacancies can lead to localized charge imbalances,
changes in the coordination environment and
anomalous local bonding, all of which contribute
to the formation of isolated defect levels. When
these defect levels fall within the bandgap, they
act as recombination centers (trapping levels) for
carriers, thereby significantly impacting the inter-
face charge transport process [17]. Excessive Pb
or under-coordinated Pb**, which forms Pb-Pb
dimers, typically results in deeper defect energy lev-
els, severely affecting the interface charge transport
[88].

Filling lattice vacancies and completing coordi-
nation with defect atoms to neutralize local charges
is a unified approach to eliminating trap states.
The introduction of passivators to facilitate addi-
tional chemical bonding processes aligns with the
principles of Lewis acid-base neutralization. For ex-
ample, lead interstitial defects in perovskite, act-
ing as a Lewis acid, can be passivated by termi-
nal groups in certain SAMs, which exhibit Lewis
basic properties [68,89]. Chen et al. designed
a (2-(3-bromo-6-(4-formylphenyl)-9H-carbazol-9-
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yl)ethyl)phosphonic acid SAM [69], which, when
anchored on ITO, demonstrated that the carbonyl
group in the terminal group exhibited Lewis basic-
ity, effectively passivating under-coordinated Pb*"
(Fig. Sa, left panel). Similarly, Hung et al. synthesized
a symmetric porphyrin SAM with carboxyl groups
on both sides [89], which, when anchored on ITO,
could coordinate with Pb>T defects in the perovskite
(Fig. Sa, right panel).

Interestingly, when SAMs partially flip or form
anisotropic layers, their anchoring groups can also
exhibit properties of Lewis bases, thereby passivat-
ing lead-related defects [SS,65]. Li et al. were the first
to observe the potential partial flipping behavior of
SAMs using sum-frequency generation (SFG) spec-
troscopy, providing evidence for the interaction be-
tween the anchoring group (phosphonic acid group)
and Pb defects in the perovskite. Additionally, they
employed first-principles calculations to investigate
the coordination effect of the phosphonic acid group
on Pb defects, which effectively eliminates deep de-
fect energy levels [65]. This approach was later ap-
plied by Zhang et al. in the development of an addi-
tional SAM layer with random molecular orientation
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[55]. Based on an unwashed SAM layer, they created
more opportunities for anchoring group-defect in-
teractions. By incorporating a cyano group in addi-
tion to the phosphonic acid anchoring group, they
further enhanced the defect passivation capabilities
of the anchoring groups (Fig. Sb).

Apart from lead-related defects, other defects,
such as under-coordinated halide defects and cation
vacancies, introduce relatively shallow defect states.
However, they still influence carrier transport. The
introduction of different SAM terminal groups
can also effectively passivate the corresponding
shallow defect states. For example, Hou et al.
utilized the terminal amine group of dopamine
molecules to passivate under-coordinated iodine de-
fects through hydrogen bonding interactions [75].
Li et al. achieved the filling of cation vacancy de-
fects by introducing CA-Br (6-carboxy-N, N, N-
triethylhexan-1-aminium bromide) molecules [18].

Modulating energy level alignment

In addition to the abundant defects at the interface,
another major factor contributing to charge trans-
port issues is the alignment of energy levels. Im-
perfect energy level alignment can hinder charge
transport, leading to charge accumulation at the in-
terface and promoting non-radiative recombination
processes. In PSCs, energy level alignment directly
influences the QFLS, which, in turn, affects varia-
tions in the open-circuit voltage (Voc).

The ability of SAMs to modulate energy levels
arises from the intrinsic electric dipole they gener-
ate when anchored to the substrate. This alters the
material’s work function, resulting in changes to en-
ergy level alignment. As reported by Zhu et al., first-
principles calculations of molecular dipoles reveal
a clear linear relationship with the experimentally
measured work function [90]. Due to their flexible
structural composition and excellent self-assembly
properties, SAMs enable precise control over energy
level alignment. By modifying the functional groups
of SAMs to adjust the dipole moment, or by blending
different types of SAMs, it is possible to finely tune
energy level alignment [16,65,91]. This allows for
customized adjustments of energy level alignments
at various interfaces in different devices.

Wang et al. systematically investigated the effect
of replacing terminal groups on the energy level
alignment at the NiOy-perovskite using a benzoic
acid SAM (Fig. Sc, left panel). The variation in an-
choring groups induces a continuous change in the
SAM’s dipole. When amino, methoxy, or hydrogen
groups are used as terminal groups, the dipole points
from NiOy towards the perovskite. In contrast, when
Br or CI terminal groups are employed, the dipole
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points from the perovskite towards NiOy. Ulti-
mately, they determined that the Br-terminal group
achieved the optimal energy level alignment [16].
Similarly, Zhang et al. adjusted the energy level align-
ment between FTO and perovskite by modifying
the anchoring and linker groups of a carbazole-based
SAM [92], specifically by replacing the phosphonic
acid group with a carboxylic acid group and shorten-
ing the linker group length (Fig. Sc, right panel).

Due to the significant electronegativity dif-
ferences among various SAM functional groups,
achieving a linear and continuous adjustment of
the dipole through the design of functional groups
within the SAM alone is not feasible. In this context,
continuous modulation of interface energy level
alignment can be achieved by using SAMs with dif-
fering dipoles simultaneously. Li et al. modified the
NiOy layer with two SAMs having different dipoles:
2PACz  ([2-(9H-carbazol-9-yl)ethyl]phosphonic
acid) and MeO-2PACz ([2-(3,6-dimethoxy-9H-
carbazol-9-yl)ethyl]phosphonic acid). By adjusting
the ratio of these two SAMs, they achieved con-
tinuous modulation of the energy level alignment
between NiO; and perovskite (Fig. 5d). Ultimately,
they determined that a 3 : 1 ratio of 2PACz to
MeO-2PACz resulted in the optimal energy level
alignment [65].

Surface energy engineering and crystal
growth controlling

The wettability of the perovskite precursor solu-
tion on the substrate affects both the interfacial
contact quality and the morphology of perovskite
grains [49], which, in turn, influence charge trans-
port at the interface and within the perovskite. Nu-
cleation and growth of perovskites on substrates with
poor wettability may introduce microscopic voids,
which are detrimental to interfacial charge transport
[43]. However, some researchers argue that larger
perovskite grain sizes can reduce grain boundaries,
thereby enhancing the electrical transport properties
within the perovskite. This can be achieved through
low wettability [72,93].

Wettability is directly related to surface energy.
After modification with SAMs, the surface energy
of the material is ideally determined entirely by the
monolayer of SAMs. In this case, the polarity (or
hydrophilicity/hydrophobicity) differences of the
functional groups in the SAM dictate the surface en-
ergy of the newly formed surface. Common precur-
sor solutions for perovskite are typically amphiphilic
(e.g. solvents like N, N Dimethylformamide and
Dimethyl sulfoxide); therefore, to enhance the wet-
tability of perovskites, modifying the substrate to
be amphiphilic is a key approach. Recent studies
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have shown that by adjusting the amphiphilicity of
SAM layers, achieving a match with the perovskite
precursor solution enables simultaneous optimiza-
tion of both the perovskite film quality and inter-
face contact [55,94]. Li et al. significantly optimized
wettability and improved the film formation qual-
ity of perovskite by modifying the ITO substrate
with two types of SAMs, each having hydrophilic
and hydrophobic terminal groups [18]. Zhang et al.
innovatively designed a bilayer SAM with surface
molecules oriented differently (Fig. 6a); the proper-
ties of the anchoring groups can be utilized to adjust
amphiphilicity [55].

In addition to optimizing physical contact at the
interface, SAM-modified substrates can also regu-
late the crystallization growth process of perovskites.
On one hand, SAMs can be used to control grain
size; on the other hand, they can reduce pinholes be-
tween perovskite grains [19,95]. The ultimate goal
is to create a more uniform and high-quality buried
perovskite interface. From the perspective of direct
regulation, Gu et al. found that the carboxyl group
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in the SAM terminal moiety can serve as a nucle-
ation center for the perovskite layer when nega-
tively charged, thereby further improving the uni-
formity and smoothness of perovskite crystallization
[96]. Zuo et al. achieved amino-functionalization
of the ZnO surface by using a SAM with amino
terminal groups [19], allowing the amino groups
to participate in the crystallization process of the
perovskite (Fig. 6b). This effectively regulated per-
ovskite growth and significantly reduced pinholes.
From the perspective of indirect regulation, Tang
et al. introduced molecules with bidirectional sul-
fonic acid groups into the existing SAM, utilizing the
Pb defect passivation capability of the sulfonic acid
groups to suppress the formation of impurity phases,
such as Pbl,, during perovskite crystallization [97].
Hung et al. synthesized a SAM containing a sul-
fonic acid group, which passivates lead defects, while
the pyridine group prevents iodide ion migration.
These interactions inhibit nucleation and promote
grain growth during the antisolvent step, facilitating
a smoother transition from the bottom to the surface
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during thermal annealing, leading to larger grain
sizes and reduced interface trap density [98]. Inter-
estingly, Singh et al. found that the SAM-modified
substrate exhibited a rougher texture compared to
PTAA. This texture induced perovskite growth with
amore uniform chemical composition along the ver-
tical interface direction, thereby enhancing opera-
tional stability [99].

Improving interface binding and
flexibility

Under stress induced by thermal cycling and ex-
ternally applied forces, the low interfacial binding
strength between functional layers and the inflexible
crystal-crystal interface contact accelerate the de-
vice degradation process.

A substrate modified with SAMs may exhibit
stronger adsorption capabilities on the perovskite
surface. This increase in molecular adsorption en-
ergy at the microscopic level can explain the en-
hanced mechanical stability of the interface, such as
preventing cracking [21,100]. Dai et al. discovered
through first-principles calculations that the work
of segregation of an iodine-terminated SAM onto
the perovskite is twice that of a SAM with a non-
halogen terminal group (Fig. 6¢). This is due to the
bonding between the iodine terminal and the under-
coordinated Pb** exposed on the perovskite sur-
face [21]. The simultaneous formation of chemical
bonds by both the anchoring group and the terminal
group significantly enhances the interface strength.
Dai et al. also found that a carbazole-based SAM with
an iodine terminal group can increase the interfa-
cial mechanical adhesion by 2.6-fold [101]. Addi-
tionally, beyond the aforementioned discussion on
chemical adsorption, SAMs may also introduce ad-
ditional electrostatic interactions, enhancing inter-
facial binding strength and contact quality. For in-
stance, electrostatic interactions between protonated
amine groups and acidic PSS can contribute to im-
proved interface properties [96].

In addition to interface cracking caused by weak
bonding, thermal expansion mismatch between dif-
ferent materials due to external temperature changes
can also increase interface stress, leading to cracking.
The introduction of SAMs, which act as a method
to separate the crystal-to-crystal interface, can re-
lease thermal stress through the inherent flexibility
of organic molecules [20,102]. Park ef al. evaluated
the impact of SAM length, anchored on the SnO,
substrate, on its stress-relief capability. The results
showed that longer SAMs exhibited better stress-
relief performance [102]. Isikgor et al. suggested
that this stress relief (Fig. 6d) is achieved through
the structural freedom inherent in SAMs [20]. It is
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worth noting that similar stress-relief mechanisms
are also applicable in flexible devices. For instance,
Dai et al. introduced a SAM layer between the SnO,
transport layer and the perovskite, significantly en-
hancing the bending stability of flexible PSCs [103].

Enhanced durability through physical
protection and chemical anchoring

The nature of perovskite as an ionic crystal with a
soft lattice structure makes it highly susceptible to
ion migration under the influence of an electric field,
which can lead to chemical reactions at the interfaces
or phase segregation. These processes compromise
the chemical stability of the interface. The stability is
further reduced when the perovskite has a complex
alloy composition and is exposed to external water
and oxygen.

A direct approach to addressing unfavorable
chemical reactions is to physically separate the
reactants by using a barrier layer to block their
contact. Forming a dense SAM assembly on the per-
ovskite surface can prevent ion migration and wa-
ter erosion through steric effects or hydrophobic-
ity, thereby significantly enhancing the stability of
the interface [14,104]. Li et al. passivated the per-
ovskite surface with carbon dots, followed by modi-
fication with a trichloro(3,3,3-trifluoropropyl)silane
SAM layer [ 14]. The hydrophobicity of the -CFj ter-
minal group effectively mitigated the poor interfa-
cial water stability caused by the hydrophilicity of the
carbon dots (Fig. 6¢). Wang et al. designed a self-
assembled cocrystal layer at the perovskite/Spiro-
OMEeTAD interface [104]. The excellent steric hin-
drance and hydrophobic effects of the large pyrene
rings and fluorine atoms inhibited the bidirectional
migration of halides and Li™, while also suppressing
water and oxygen corrosion (Fig. 6f).

Phase segregation results from extensive ion
migration, a process that can be inhibited through
chemical anchoring methods. The addition of
SAMs can enhance the ion migration barrier
through interactions with ions on the perovskite
surface [23,70,105]. Liu et al. demonstrated through
first-principles calculations that anchoring an am-
phiphilic SAM layer (Z907) on the perovskite
surface (Fig. 6g) can double the migration barrier
for surface halides [105]. Zhang et al. found that ad-
justing the length of the terminal groups in the SAM
and employing bidirectional bridging anchoring
(Fig. 6h), as opposed to unidirectional anchoring,
further optimized phase stability [23]. Chen et al.
achieved bridged anchoring by incorporating an ex-
tra chemically active functional group (methylthio)
into the terminal groups [106].
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In addition to direct anchoring, SAMs can also
suppress ion migration through indirect mecha-
nisms. Localized distortions caused by defects can
reduce the activation energy for ion movement. Pas-
sivating defects with SAMs is an indirect method to
inhibit ion migration [107]. Hydroxyl groups on the
substrate are another factor that promotes ion migra-
tion. Reacting these hydroxyl groups with SAMs can
also hinder the ion migration and aggregation pro-
cesses [22]. Interestingly, recent studies by Merino
et al. have shown that unfavorable energy level align-
ment at the interface, which leads to carrier accu-
mulation, can also contribute to phase segregation
[108]. This issue can be effectively addressed using
the mixed SAM approach discussed earlier.

CONCLUSION AND PERSPECTIVE
Conclusion

In conclusion, this review has demonstrated the
multifaceted roles of SAMs in addressing critical
challenges facing the large-scale industrialization of
perovskite optoelectronic devices. By precisely mod-
ifying interfacial properties, SAMs offer a powerful
strategy to enhance device performance and stability.
From an electronic perspective, SAMs can effectively
passivate interfacial defects, optimize energy level
alignment and facilitate efficient charge carrier trans-
port. Furthermore, SAMs exert significant influence
on the crystal growth process, enabling control over
film morphology and suppressing detrimental phase
segregation. Mechanically, SAMs can enhance inter-
facial adhesion, mitigate stress and improve device
robustness. Chemically, they act as protective barri-
ers, preventing degradation pathways such as ion mi-
gration and moisture ingress.

Design rules of SAMs

As interlayer materials primarily used for surface and
interface modification, SAMs should be designed in
a function-oriented manner. First, it is necessary to
determine the interlayer location of SAMs. Specif-
ically, based on the target properties of perovskite
optoelectronic devices requiring optimization, de-
signers should identify the primary limiting inter-
faces and decide whether to replace charge transport
layer materials or modify interfaces at specific loca-
tions. The interlayer location of SAMs directly dic-
tates the types of materials they interact with. For
example, the buried interface typically requires an-
choring effects on metal oxide surfaces, whereas the
upper perovskite interface requires consideration of
halogen or hydrogen bonding interactions formed
between SAMs and the perovskite surface. Next,
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leveraging the detailed classification of SAM effects
and atomic-scale mechanisms outlined in this re-
view, the specific molecular structures and func-
tional groups of SAMs should be designed. For
instance, hydrophobic groups may be introduced
to enhance hydrophobicity, while multi-anchoring
structures could improve interfacial bridging. Fi-
nally, structural modifications and functional group
substitutions should be implemented based on fab-
rication feasibility and SAMs’ inherent stability.
Experimental feedback on property adjustments
should guide further optimization, such as dynam-
ically adjusting the Lewis acid-base properties of
functional groups in response to defect types or re-
fining molecular dipoles to align energy levels.

Challenges in SAMs research

Despite these significant advancements, current re-
search and development of SAMs face several critical
challenges:

Firstly, the ultrathin nature of SAMs presents sig-
nificant obstacles in direct characterization. Conven-
tional imaging techniques, such as scanning electron
microscopy and transmission electron microscopy,
cannot directly visualize the morphology of SAM
layers. This necessitates the use of indirect methods,
including XPS and SFG vibrational spectroscopy, to
probe their structure and properties. This limitation
hinders the precise design and optimization of SAMs
at the atomic scale.

Secondly, as organic materials, SAMs are suscep-
tible to degradation under operational conditions. In
PSCs, for example, SAMs in the bottom transport
layer are directly exposed to light, potentially affect-
ing their optical and thermal stability. Furthermore,
achieving uniform and defect-free SAM formation
remains a challenge, as imperfections in the mono-
layer can significantly impact device performance.

Thirdly, the rational design of SAMs with spe-
cific functionalities for diverse applications remains
an area of active research. Tailoring SAMs to
meet the unique requirements of different de-
vice architectures, such as flexible devices, wide-
bandgap/narrow-bandgap devices and large-scale
devices, necessitates a deeper understanding of inter-
facial interactions and the development of advanced
design principles.

Strategies and future directions

These challenges may be addressed through emerg-
ing technologies or interdisciplinary collaborative
research approaches:
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Firstly, developing more refined characterization
techniques to determine the atomic-scale local
geometric environment is essential. An effective
approach is to establish a meaningful connection
between the characterization data from scanning
tunneling microscopy/AFM, and the molecular ge-
ometry and electrostatic potential of the molecules.
Alternatively, combining various indirect exper-
imental characterization methods with ab-initio
molecular dynamics simulations could enable cross-
validation of molecular morphology under different
conditions [12,42].

Secondly, the intrinsic stability of SAMs can be
enhanced through rational design of their structure.
This can be achieved through the design of mul-
tiple active functional groups to facilitate multiple
chemical crosslinks between SAMs and between the
SAMs and the interface. Both silanetriol and car-
boxyl groups, serving as anchoring groups in SAMs,
possess the capability for intermolecular crosslink-
ing [109]. Incorporating structures or functional
groups with inherent thermal and optical stability
into SAMs is also a feasible approach. For example,
replacing the alkyl linker in SAMs with a conjugated
linker can improve intramolecular electron delocal-
ization, thereby enhancing photostability [ 110]. Ad-
ditionally, the use of appropriate additives, solvents,
multilayer SAMs or co-SAMs [111] may address is-
sues related to operational stability and film unifor-
mity after SAM film formation. Indirectly, the prop-
erties of the anchoring substrate can be rationally
tuned to improve the anchoring behavior of SAMs,
thereby optimizing their uniformity [112].

Thirdly, data-driven approaches [ 113], combined
with multi-objective optimization algorithms, hold
promise for addressing the specific functionalities
of SAMs required for device synthesis. One feasible
approach is to train reliable property prediction
models [114] using material big data and apply
optimization algorithms to quickly iterate and
determine material characteristics, thereby achiev-
ing reverse design. Another approach is to use gener-
ative model frameworks such as generative adversar-
ial networks, variational autoencoders, transformers
and diffusion to generate SAMs with specific prop-
erties, followed by further validation and screen-
ing. The data sources can include first-principles
calculations or automated high-throughput
experimental platforms.

In conclusion, achieving a deep integration of
computational materials science [115], data science
and experimental science, along with a clear ex-
ploration of the relationship between atomic-scale
mechanisms and macroscopic properties, is the es-
sential path to solving the current challenges faced
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by SAMs and accelerating the design of high-
performance SAMs.
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