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ial energetics in perovskite/silicon
tandem solar cells: the converging roles of self-
assembled monolayers and dipolar interlayers

Vidya Sudhakaran Menon and Ananthanarayanan Krishnamoorthy *

Perovskite/silicon tandem solar cells have emerged as a groundbreaking advancement in photovoltaic

technology, presenting a viable route to exceed the efficiency ceiling imposed on conventional single-

junction silicon devices. At the heart of this innovation lies the perovskite top cell, whose interfacial

properties critically govern tandem performance, influencing carrier extraction, recombination dynamics,

and long-term stability. Yet, complex interfacial interactions with charge transport layers often introduce

challenges such as defect-induced recombination, energy level misalignment, and environmental

degradation. This review surveys recent advances in interface engineering for perovskite top cells,

focusing on self-assembled monolayers (SAMs) and dipole-tailored interlayers in both single-junction

and tandem configurations. We first establish foundational energy alignment concepts – vacuum level

shifts, Fermi level pinning, interfacial dipoles, and band bending to frame the electronic landscape at

interfaces. The review then explores strategies including molecular dipole tuning, surface passivation,

and chemical bonding modulation. This work uniquely integrates molecular-scale design into device

performance and critically compares SAMs and dipolar layers with conventional methods. Finally, we

highlight key challenges in scalability, industrial compatibility, and operational durability. By aligning

molecular design with practical implementation, this review offers guiding principles for advancing

interface chemistry in efficient, stable, and commercially viable tandem solar cells.
Broader context

The extraordinary rise of perovskite solar cells (PSCs) has positioned them as strong contenders for low-cost, high-efficiency photovoltaics. Yet, interfacial
instabilities and energy level misalignments continue to hamper their commercial translation. Interface engineering, particularly via self-assembledmonolayers
and dipole-modulating layers, offers a powerful means to tailor interfacial energetics, improve charge extraction, and suppress recombination. This review
addresses a critical gap by synthesizing the fundamental concepts and practical implementations of such interfacial strategies across PSC architectures. Beyond
cataloguing materials and performance metrics, it deciphers the underlying physical and chemical principles—such as dipole-induced vacuum level shis and
passivation-driven defect mitigation—that govern device behaviour. In doing so, it bridges molecular design with the photovoltaic function. By providing this
mechanistic perspective, the review not only informsmaterial selection and device architecture but also charts a coherent path toward scalable, stable, and high-
efficiency perovskite photovoltaics. The review is particularly valuable to researchers seeking to rationally design interfacial layers that go beyond empirical trial-
and-error approaches.
1. Introduction

Utilizing solar energy is undoubtedly one of the most promising
methods for providing the globe with sustainable, clean, and
economical energy. Solar photovoltaics (PV) is the most
frequently used solar power technology in use today and a top
contender for terawatt-scale, carbon-free electricity generation
by the middle of the century. With strong policy support,
declining levelized costs, and increasing deployment at utility
and residential scales, solar PV has emerged as a cornerstone of
atory (OPPV), Department of Chemistry,

y, Kattankulathur, Tamil Nadu, India,
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sustainable energy strategies across the globe.1 In recent years,
the price tag of PV systems has substantially diminished, while
installations have proliferated, rendering PV economically
competitive with traditional energy sources. With declining
prices, wholesale and retail grid parity is anticipated to be
achieved in the majority of countries within a few years.
Currently, crystalline silicon is unequivocally the leading
photovoltaic technology, commanding about 90% of the global
market share. It affords leverage over alternative PV systems due
to its use of a photoactive absorber that is stable, abundant,
non-toxic, and extensively explored. In 1999, Green and
colleagues at the University of New South Wales (UNSW) set
a milestone by achieving a 25% power conversion efficiency
(PCE) for c-Si solar cells, a record that stood until 2014.2,3 Fast
© 2026 The Author(s). Published by the Royal Society of Chemistry
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forward to the present, research cell efficiencies are hovering
around 27%, with the latest certied records from LONGi
showing 27.3% for silicon heterostructures (HIT) and 27.09%
for heterojunction back contact solar cells.4,5 Given the theo-
retical limit of 29.4% for crystalline silicon cells, further
performance improvements are expected to be minimal.
Despite this, the dominant segment of the photovoltaic market
remains centered on single-junction silicon solar cells, which,
by their nature, face inherent limitations in their ability to
convert solar energy into electrical power.

Silicon, with its optical band gap of 1.12 eV, has a cutoff
wavelength for light absorption at about 1160 nm – an excellent
match for converting solar energy into electricity using a single
semiconductor absorber. This band gap aligns closely with the
solar spectrum, making silicon an ideal material for PV appli-
cations. According to the Shockley–Queisser theory, a semi-
innite silicon solar cell, under ideal conditions and limited
only by radiative recombination, can theoretically achieve
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a maximum conversion efficiency of 33.5% at 25 °C.6,7 However,
silicon due to its indirect band gap exhibits both advantages
and challenges. On one hand, radiative recombination is less
efficient, which allows photogenerated charge carriers to have
longer lifetimes in high-quality materials. On the other hand,
Auger recombination – a process where recombination energy is
transferred to another charge carrier and lost as heat becomes
the primary intrinsic loss mechanism. Also, silicon's indirect
band gap results in a lower absorption coefficient, particularly
near the band gap, which contributes to intrinsic losses such as
transparency to sub-bandgap photons and thermalization los-
ses from high-energy photons.8 These factors collectively cap its
intrinsic efficiency limits at 29.4%, as demonstrated through
detailed empirical modelling.9 Despite this, silicon wafers as
thin as 100–150 mm can achieve effective light absorption
thanks to innovative optical design strategies.10 Techniques like
rear surface mirrors, antireection coatings, and surface
texturing work together to trap and utilize light, even extending
into the infrared region of the solar spectrum. These
approaches highlight silicon's adaptability and its continued
dominance in photovoltaic technology.

In the last decade, the manufacturing cost of mainstream PV
modules has decreased substantially. In utility-scale photovol-
taic installations, module costs now account for less than half of
the total system expenditure, with the remaining ‘balance of
system’ (BOS) costs largely dependent on the physical footprint
of the array rather than its energy yield. Consequently, the most
effective strategy to further reduce the levelized cost of elec-
tricity (LCOE) is to enhance the power output per unit area –

achievable by employing multijunction tandem architectures
that combine absorber layers with complementary bandgaps,
known as tandem solar cells (TSCs). In TSCs, the incident solar
spectrum is shared between two sub-cells connected in series.11

The top cell uses a photoactive material with a larger bandgap,
while the bottom cell employs an absorber with a smaller
bandgap. The advantage of this approach lies in the high-
bandgap material minimizing thermalization losses, while the
lower-bandgap cell efficiently captures unabsorbed light from
the top cell, thereby reducing sub-bandgap losses. Crystalline
silicon solar cells serve as an optimal low bandgap bottom cell
for such TSC architecture owing to its appropriate bandgap of
1.1 eV, elevated open-circuit voltage (VOC) reaching 750 mV,
cost-effective production stemming from market prevalence,
and excellent efficiency.12 While rst-generation PV technology
can serve as a good option for the bottom cell in TSCs, emerging
technologies like perovskite solar cells (PSCs) offer the potential
for affordable tandem systems with higher efficiency and lower
costs. Fig. 1 illustrates the efficiency evolution of perovskite/
silicon (c-Si) TSCs over time, highlighting major technological
advancements.

In less than ten years, PSCs have transitioned from a labo-
ratory curiosity to a mature photovoltaic technology with
demonstrated operational viability, whereas previous PV
systems like silicon and organic solar cells (OSCs) took 15–42
years to do so. Perovskite single junctions have veried effi-
ciencies as high as 27.3% (device level; active area <1cm2)
whereas tandem congurations with c-Si have achieved
EES Sol., 2026, 2, 28–87 | 29
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Fig. 1 Efficiency evolution of perovskite/silicon tandem solar cells (2016–2025), highlighting certified PCE milestones from key institutions. The
schematic illustrates the tandem architecture, with efficiency gains attributed to advances in processing, composition, and interface engineering.
Modified and adapted from ref. 13, under a Creative Commons CC BY 4.0 license.

Fig. 2 Schematic illustration of interface-related loss mechanisms in
a simplified photovoltaic device. Reproduced with permission from ref.
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efficiencies of 34.85% (active area – 1 cm2) and that with CIGS
has reached 24.2% (active area – 1.05 cm2), demonstrating
exceptional potential to advance solar energy technologies.14

Perovskite photovoltaics have become a focal point of research
since their emergence in 2009, when their light-absorbing
capabilities were rst recognized. These materials have
enabled silicon-based solar cells to surpass their single-junction
efficiency limits, solidifying their role as ideal candidates for
tandem architectures. Perovskites offer a unique combination
of properties including high photoconversion efficiencies,
sharp optical absorption edges, and a tunable bandgap ranging
from 1.4 to 2.3 eV making them especially suited for integration
as top cells.8,15 Their ability to be processed at low temperatures
(100–150 °C) from inexpensive, earth-abundant precursors
further enhances compatibility with silicon bottom cells and
large-scale manufacturing. Moreover, perovskites display
notable defect tolerance, long carrier diffusion lengths, and the
potential for photon recycling, collectively supporting their
rapid evolution toward commercial viability.16

The exceptional performance of perovskites as light-
absorbing layers, however, relies heavily on the dynamics at
their interfaces, which serve as critical junctures for charge
separation, transport, and collection. Unlike organic semi-
conductors, where exciton-dominated recombination dynamics
prevail, perovskites operate under the free-carrier model,
resembling heterojunction solar cells.17 When two semi-
conductors form direct contact, free carriers diffuse across the
interface, aligning the Fermi levels and creating a charge-
depletion region with an inherent electric eld. This electric
eld, disrupted by photon absorption, drives charge extraction
and transport processes. However, the success of this mecha-
nism is highly contingent on interfacial quality. Photoinduced
carriers must traverse these interfaces, which are prone to
recombination losses due to defects and unfavorable charge
distributions. In planar p–i–n PSCs, for instance, charge
30 | EES Sol., 2026, 2, 28–87
extraction occurs at the perovskite/ETL (ETL: electron transport
layer) and HTL/perovskite (HTL: hole transport layer) interfaces,
making these regions particularly susceptible to efficiency los-
ses. The complexity of the device escalates with the number of
interfaces, especially in the case of multijunction photovoltaic
devices. This establishes strict criteria for interface design and
the evaluation of their characteristics. In thin-lm photovoltaic
devices, non-radiative recombination of charge carriers
predominantly facilitated by defect states constitutes the
18, Copyright © 2018, American Chemical Society.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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primary loss mechanism, largely stemming from disruptions in
crystal periodicity at material interfaces as depicted in Fig. 2.

This concept is clearly illustrated by the crystalline quality of
the absorber layer in thin-lm silicon solar cells. In devices
based on c-Si, photogenerated charge carriers exhibit lifetimes
on the order of milliseconds much longer than the
microsecond-scale time it takes for these carriers to diffuse to
the interface with the charge transport layers (CTLs).19 As
a result, bulk recombination is nominal compared to the
pronounced recombination occurring at the interfaces, making
interfacial properties the primary determinant of device
performance. Thus, while advancements in perovskite lm
quality and device architecture have propelled the performance
of perovskite based TSCs to impressive heights, it is clear that
interface engineering remains a pivotal, yet underexplored
avenue for further optimizing both efficiency and stability of
such tandem architectures.

This review offers a distinctive and comprehensive analysis
of interface engineering strategies in perovskite/silicon TSCs,
addressing the critical challenge of interface stability and
reactivity, that oen leads to mismatched photocurrents
between the perovskite top cell and the silicon bottom cell. In
Section 2, we take a step back to explore how these tandem
architectures evolved, uncovering the breakthroughs that have
shaped their performance so far. Moving into Section 3, we
tackle the big question: why is interface engineering such
a game-changer for these devices? Here, we break down the
unique challenges faced by perovskite top cells that make or
break their performance. Section 4 offers a structured journey
through the interface landscape: from a broad overview of
strategies proven in single-junction PSCs to a focused chronicle
of SAMs as interfacial game-changers and ultimately to the
energetics of chemically tailored semiconductor surfaces
driving next-generation performance. Expanding further,
Section 5 dives deeper into the interface engineering toolbox by
Fig. 3 Highlights of the principal topics examined in this review.

© 2026 The Author(s). Published by the Royal Society of Chemistry
dissecting the complementary roles of SAMs and dipole-
oriented interlayers and then extends the discussion to real-
world tandem architectures unpacking how these molecular
layers are being tailored to meet the demands of both all-
perovskite tandems and perovskite–silicon hybrids. Building
on this, in Section 6, we zoom out to address real-world hurdles,
from scaling up these techniques to making them compatible
with industrial processes and ensuring long-term stability
under stress. Finally, Section 7 synthesizes the conceptual and
practical threads woven throughout this review, examining how
SAMs and dipole-tailored interlayers despite their trans-
formative promise must evolve beyond their current limitations
to meet the demanding realities of scalable, stable tandem
photovoltaics. This nal section frames SAMs and dipolar layers
not just as current enablers of high-efficiency PSCs, but as
future molecular platforms poised for reinvention where
advanced design tools, hybrid materials, and cross-disciplinary
collaboration must converge to overcome the scaling and
stability challenges that lie ahead (Fig. 3).

2. Genesis of perovskite/silicon TSCs

The journey of perovskite solar cells (PSCs) began with their
roots in dye-sensitized solar cells (DSSCs). In a groundbreaking
discovery in 2009, Miyasaka et al. introduced MAPbX3 perov-
skite as a novel organic–inorganic hybrid semiconductor,
achieving an initial power conversion efficiency (PCE) of 3–4%
within a liquid-based DSSC framework.20 This breakthrough
paved the way for transformative advancements, including the
creation of non-sensitization PSCs by Snaith et al. and the
stabilization of perovskites in polar solvents by Park et al.,
which further propelled the technology forward.21,22 The
remarkable properties of lead halide perovskites, such as their
long carrier diffusion lengths and exceptional carrier mobility,
redened device architectures and revolutionized the under-
standing of PSC operation. These innovations catalysed an
unprecedented surge in PCE, now attaining 27.3%, enabled by
cost-effective and simple solution processing techniques.14 This
rapid evolution has positioned PSCs as a disruptive force,
poised to not only compete with, but potentially surpass exist-
ing photovoltaic technologies, capturing widespread interest
across the scientic community.

The remarkable optoelectronic properties of halide perov-
skites, rooted in the precise energy level alignment of their
valence and conduction bands, have been a key driving force
behind the intense interest they have generated within the
scientic community. In a typical lead iodide-based perovskite,
the electronic energy levels originate from the hybridization of
lead (Pb) 6p and 6s orbitals with the 5p and 5s orbitals of iodine
(I). Due to the alignment of the crystal momentum vectors of the
valence band (VB) and conduction band (CB), and with the
Fermi level positioned between the VB maximum and CB
minimum, lead halide perovskites exhibit the characteristics of
a direct band gap, non-degenerate semiconductor. The valence
band maximum (VBM) is primarily inuenced by halogen p-
states, while the conduction band minimum (CBM) is
primarily governed by lead p-orbitals. Such alignment of energy
EES Sol., 2026, 2, 28–87 | 31
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levels in perovskite allows for a direct band gap p–p electronic
transition, resulting in an impressive optical absorption coef-
cient of approximately 105 cm−1. In 2014, De Wolf et al.
utilized photocurrent spectroscopy to reveal that perovskites,
unlike other widely used photovoltaic materials such as GaAs,
CdTe, and CIGS, exhibit a sharp optical absorption edge, a high
absorption coefficient, and minimal sub-bandgap absorption.8

Remarkably, CH3NH3PbI3 demonstrated an Urbach energy on
par with monocrystalline direct-bandgap semiconductors like
GaAs, renowned for their exceptional electrical quality. In
contrast, crystalline silicon (c-Si) shares a similar absorption
spectrum pattern but, due to its indirect bandgap, requires
phonon assistance for photon absorption. This leads to
a markedly lower absorption coefficient and limits its efficiency.
As a result, while perovskite layers of only a few nanometres of
thickness can absorb photons effectively, silicon requires wafer
thicknesses in themicrometre range to achieve the same level of
absorption, highlighting the superior photon harvesting capa-
bilities of perovskites. Consequently, perovskite materials
swily sparked considerable interest for their potential in
multijunction solar cells, captivating researchers and industry
experts alike with their unique properties and promising ability
to enhance the efficiency of solar energy conversion. Fig. 4
provides a schematic representation of molecular orbital energy
levels of prototypical MAPbI3 perovskite and a comparison of its
absorption coefficients with that of various light absorbers.

In their pioneering paper, Miyasaka20 and his team had
already demonstrated that perovskites possess high bandgaps,
excellent photovoltage, and tunable bandgaps ranging from 1.5
to 2.1 eV. Subsequent advancements in planar thin-lm solid-
state architectures, along with the adoption of vacuum-based
deposition methods, reinforced the promise of perovskite
technology as a viable complement to silicon in cost-effective
Fig. 4 (a) Schematic depiction of the molecular orbital energy levels of M
2015, Royal Society of Chemistry; (b) absorption coefficient comparison
Reproduced with permission from ref. 8 Copyright 2014, American Che

32 | EES Sol., 2026, 2, 28–87
TSCs. At the close of 2014, the rst reports of semi-
transparent PSCs and mechanically stacked tandem cells
emerged, with Löper et al. and Bailie et al. demonstrating
impressive efficiencies of 13.4% and 17% for 4T tandems,
respectively.24,25 Löper and his team initially used sputtered
indium tin oxide (ITO) for the transparent electrode, but its
suboptimal properties, due to high-temperature treatment,
hindered the perovskite layer. They later resolved this by using
indium zinc oxide (IZO), which can be used as-deposited,
offering high carrier mobility and low sheet resistance. Mean-
while, Bailie et al. used silver nanowire mesh transferred onto
the perovskite stack, achieving high transparency and low sheet
resistance, though the mechanical transfer process still posed
reproducibility challenges. Shortly thereaer, Bailie's team
collaborated with Buonassisi and co-workers to create the rst
perovskite/Si monolithic TSC, using the same silver nanowire
electrode.26 By combining a mesoscopic perovskite top cell with
a Si homojunction bottom cell and a silicon tunnel junction,
they achieved a 13.7% efficient tandem, although the perfor-
mance was limited by parasitic absorption in the CTLs, result-
ing in a modest VOC of 1.58 V.

In late 2015, Albrecht et al. achieved a milestone by utilizing
a Si-heterojunction as the bottom sub-cell in a monolithic
tandem architecture, achieving a notable PCE of 18.1%.27 This
success was driven by the cell's strong near-infrared response
and high voltage output of 1.78 V. Additionally, they pioneered
the use of a low-temperature planar PSC, featuring an atomic
layer deposited (ALD) SnO2 electron transport layer (ETL).
Heterojunction Si cells have since become the go-to choice for
bottom cells in laboratory experiments, largely because of the
accessibility of indium tin oxide (ITO) for seamless integration
with top and bottom cells, combined with their proven ability to
deliver high open-circuit voltages and impressive efficiency. Few
APbI3 perovskite; reproduced with permission from ref. 23 Copyright
between MAPbI3 and other representative light-harvesting materials.

mical Society.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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months apart, Werner et al. raised the monolithic tandem
efficiency to 21.2% by incorporating a PC fullerene-based planar
perovskite top cell and an IZO recombination layer.28 However,
the bottom cell current was limited due to the use of a double-
sided polished silicon wafer. In August 2016, the same group
addressed this limitation by introducing rear-side textured
silicon wafers, leading to a 20.5% efficiency on a 1.4 cm2

monolithic tandem cell, a notable improvement over previous
devices with smaller areas of less than 0.3 cm2.29 Fig. 5 depicts
the layer architecture and material choices in n–i–p and p–i–n
perovskite/silicon tandems, highlighting interface strategies
and bottom cell variations.

While the photovoltaic community focused on optimizing c-
Si solar cells to enhance tandem efficiency, material chemists
shied their attention onto emerging perovskite materials.
Unlike c-Si, perovskites offer a distinct advantage – their optical
bandgap can be precisely modulated through compositional
engineering, enabling optimal band alignment for high-
efficiency tandem photovoltaic applications. Such tunability of
the band gap in perovskite materials arises from modications
in the density of states (DOS), which are affected by changes in
the X–Pb–X bond geometry and dimensions resulting from the
Fig. 5 Structural comparison of (a) n–i–p and (b) p–i–n perovskite/Si t
junction and heterojunction Si bottom cells. Reproduced from ref. 30 u

© 2026 The Author(s). Published by the Royal Society of Chemistry
inclusion of various cations and anions.31 Notably, the A-site
cation in the ABX3 perovskite structure does not directly
impact the band gap. Instead, the band gap is primarily deter-
mined by interactions between the s and p orbitals of the B-site
cation and the p orbitals of the halide anions. Additionally, the
absolute energy of the halide p orbitals plays a critical role;
higher p orbital energy levels elevate the VBM and reduce the
band gap. Furthermore, stronger orbital overlap between metal
cations and halide anions (I, Br, Cl, and F) leads to a narrower
band gap.32–34

Methylammonium lead iodide (MAPbI3) was the most widely
adopted perovskite composition, possessing a bandgap of
approximately 1.55 eV, which falls short of the optimal 1.73 eV
bandgap required for the top cell in monolithic silicon-based
tandem congurations. While MAPbI3-based top cells were
effective in early proof-of-concept tandem devices, surpassing
the efficiency limit of single-junction silicon cells particularly in
monolithic tandem architectures necessitated top cells with
a bandgap elevated by roughly 0.2 eV. Building on this under-
standing, various strategies were explored to modulate the
perovskite band gap, with halide composition engineering
emerging as one of the most effective approaches. Mixed halide
andem cell architectures, highlighting the distinction between homo-
nder a Creative Commons CC BY 4.0 license.
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perovskites, particularly I/Br compositions, were widely
employed in tandem solar cells to achieve an optimal band gap
for efficient charge extraction. These mixed I/Br perovskites
exhibited higher charge-carrier mobility (exceeding ∼1 cm2 V−1

s−1) compared to pure iodide-based counterparts.11 Addition-
ally, an increased bromide content enhanced the perovskite's
stability against degradation under high ambient humidity,
further improving their viability for photovoltaic applications.35

However, the inherent instability of mixed-halide perovskites
remains a critical limitation, as these materials undergo
photoinduced phase segregation, compromising their long-
term performance.

A noteworthy breakthrough in enhancing phase stability was
achieved by incorporating cesium (Cs) and formamidinium (FA)
cations, by either partially or fully substituting methyl-
ammonium (MA). McMeekin et al. demonstrated that a Cs–FA
double-cation perovskite could achieve a bandgap of approxi-
mately 1.74 eV, making it an ideal candidate for top-cell
absorbers in tandem congurations.36 Notably, perovskite
compositions such as FA0.83Cs0.17Pb(I0.6Br0.4)3 with a 1.74 eV
bandgap have yielded solar cells with efficiencies reaching 17%,
alongside a VOC of 1.2 V, nearing the theoretical maximum of
1.42 V. Unger et al. conducted a comparative analysis of re-
ported data on PSCs with bandgaps ranging from 1.2 to 2.2 eV
and observed that the measured VOC generally displayed
a monotonic bandgap increase up to approximately 1.7 eV as
shown in Fig. 6.37 However, for bandgaps exceeding this
threshold, considerable deviations were noted, which were
attributed to light-induced phase separation, also known as the
Hoke effect, leading to a reduction in VOC.

The loss in VOC relative to the bandgap consists of two
primary components: (i) radiative losses, which arise from
unavoidable radiative recombination of free charge carriers,
governed by the Shockley–Queisser (SQ) limit and (ii) non-
radiative losses, primarily caused by trap-assisted
Fig. 6 Experimental JSC values as a function of the perovskite absorber
Correlation between VOC and Eg (right). Reproduced with permission fro

34 | EES Sol., 2026, 2, 28–87
recombination occurring both in the perovskite bulk and at
internal interfaces.38 While the SQ limit denes the theoretical
maximum VOC for a given bandgap, non-radiative recombina-
tion reduces the experimentally measured VOC, oen substan-
tially below this limit.39 It is generally observed that the highest
PCEs, above 20%, are achieved only when VOC remains close to
the SQ limit, with PCEs exceeding 22% primarily observed in
FAPbI3 based compositions possessing bandgaps of approxi-
mately 1.5 eV or lower.40 However, for bandgaps optimized for
tandem top-cell applications, reported VOC values remain well
below 90% of the SQ limit, indicating relatively greater voltage
losses compared to other bandgap compositions. This poses
a fundamental limitation for perovskite-based tandem solar
cells. To mitigate these non-radiative losses and enhance VOC,
further optimization of perovskite compositions is essential.

Additionally, charge-selective layers must be carefully tuned
to ensure proper energy level alignment with these optimized
perovskites, further minimizing recombination losses and
improving overall tandem device performance. An increase in
the bandgap generally results in an upward shi of the
conduction band energy. Consequently, Lin et al. demonstrated
that optimizing the energy level alignment of the ETL effectively
enhances the VOC leading to improved device performance. By
implementing such modications, PSCs with a bandgap of
1.71 eV achieved PCEs of up to 18.5%.41 While energy level
alignment within the perovskite absorber and CTLs plays
a crucial role in improving VOC, tandem device performance
also heavily depends on mitigating optical and electrical losses
at the interface between the perovskite top cell and the silicon
bottom cell. The nascent phase of perovskite/Si tandem
research saw much attention being focussed on developing
efficient interfacial layers (ILs) between the perovskite top cell
and silicon bottom cell to mitigate the critical issue of parasitic
absorption and other optical losses. Initial studies zeroed in on
ne-tuning the thickness of the ITO interfacial layer, shiing
bandgap (Eg) benchmarked against the theoretical radiative limit (left).
m ref. 37 Copyright 2017, Royal Society of Chemistry.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Interfaces and their corresponding energy level alignment in
PSCs.
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from the previously common 40–120 nm range down to a much
slimmer 10–20 nm range for better performance.42–45 Alternative
ILs such as nanocrystalline SiO2, Si and zinc tin oxide proved to
be not only effective but, in some cases, even superior in terms
of their optical performance. Later on, Zheng et al. and Shen
et al. made breakthroughs by showing that transparent
conductive oxides (TCOs) like ITO are not essential for con-
necting the top and bottom cells in perovskite–Si homo-
junction tandems.46,47 Their research demonstrated that
solution-processed SnO2 and TiO2, when deposited via ALD, can
effectively serve as ETLs for the perovskite top cell and recom-
bination layers at the perovskite–Si interface. In fact, Zheng
et al. found that their TCO-free tandem designs are ideal for
large-area cells, exhibiting a tightly controlled ll factor distri-
bution.47 This is attributed to the reduced lateral conductivity of
the SnO2 layer, which minimizes unwanted shunting effects
that would otherwise typically occur when using TCOs.

While the quest for efficient ILs was ongoing, parallel studies
were also being carried out to optimise the ideal architecture of
the perovskite top cell. The n–i–p conguration emerged as the
preferred architecture in the early stages of tandem cell devel-
opment. This structure was based on the well-established
fabrication process for PSCs, where an ETL (e.g., TiO2 or
SnO2) was applied rst, followed by the deposition of HTLs,
such as spiro-OMeTAD, aer the perovskite layer. However,
spiro-OMeTAD introduced challenges due to its high parasitic
absorption. Furthermore, the use of MoO3, which was necessary
to protect both spiro-OMeTAD and the layers beneath it from
sputtering during the deposition of the top TCO, led to Fresnel
reection and subsequent optical losses.47 To address this,
efforts were made to replace the spiro-OMeTAD layer with a less
absorptive alternative, but progress in this area remained
limited. Consequently, attention shied to the inverted planar
conguration (p–i–n), which not only overcame the drawbacks
of the conventional planar structure but also offered inherent
advantages, such as ease of fabrication and compatibility with
low temperature processing, offering remarkable potential for
tandem PV applications. In 2017, Bush et al. reported the rst
tandem cell with inverted planar conguration, achieving
a notable JSC of 18.1 mA cm−2 and a certied efficiency of
23.6%.48 In such devices, the HTL, which is deposited prior to
the perovskite absorber, typically consisted of materials like
NiOx or poly[bis(4-phenyl)(2,4,6-trimethylphenyl)-amine]
(PTAA) while the ETL, positioned above the perovskite
absorber, generally included components such as (LiF)/C60 or
ALD SnO2.49–53

These remarkable strides made in compositional engi-
neering, interface optimization, and device architecture have
collectively propelled perovskite–silicon tandem solar cells
toward unprecedented efficiencies. However, despite these
advancements, achieving further performance improvements
and long-term operational stability remains closely tied to the
meticulous design and control of interfaces within the perov-
skite top cell. These interfacial issues, particularly those related
to energy level alignment, defect passivation, and charge
extraction, have emerged as critical bottlenecks. A focused
exploration of these interface challenges is therefore essential
© 2026 The Author(s). Published by the Royal Society of Chemistry
to realize the next leap in tandem solar cell performance, as
discussed in the following section.
3. Interface challenges in perovskite
top cells

PSCs have a complex architecture with four key interfaces:
perovskite/ETL, perovskite/HTL, ETL/cathode, and HTL/anode
as illustrated in Fig. 7. These interfaces, along with interfacial
materials, play a crucial role in governing the electronic prop-
erties and operational stability of PSCs. Since charge extraction
occurs at these interfaces, they are particularly prone to
recombination losses due to interfacial defects and charge
accumulation.54 Additionally, factors such as energy barriers,
defect states, ionmigration within the perovskite and CTLs, and
charge accumulation at the perovskite/transport layer interfaces
considerably impact charge collection efficiency and contribute
to performance instabilities, including hysteresis and the light
soaking effect.55 These interfacial processes directly modulate
the built-in potential, either enhancing or limiting the VOC of
the device.

Independent of their specic architecture, PSCs contain two
primary interfaces between the perovskite absorber and CTLs:
the buried interface and the top surface/interface. Additionally,
polycrystalline perovskite lms, typically obtained via solution
processing, exhibit considerable structural disorder at grain
boundaries, which can be considered a third type of interface.56

The performance metrics of PSCs, including JSC, FF, and VOC,
are strongly inuenced by defect-induced recombination
occurring either within the bulk or at these interfaces.57,58 The
performance of PSCs, particularly in tandem congurations, is
heavily inuenced by the quality of the interfaces between the
perovskite top cell and the underlying layers, such as the charge
transport materials and the silicon bottom cell.59 As the effi-
ciency of these devices increases, interface-related issues
become more pronounced, with charge recombination, para-
sitic absorption, and energy level misalignment emerging as
critical factors that limit device performance. The successful
EES Sol., 2026, 2, 28–87 | 35
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integration of perovskite top cells in tandem architectures
requires not only optimizing the properties of individual
materials but also ensuring seamless interactions between
them. Hence, a deeper understanding of these interface chal-
lenges is essential for enhancing the stability, efficiency, and
scalability of perovskite-based tandem solar cells and for over-
coming the fundamental barriers that currently hinder their
commercial viability.
3.1. Interface recombination: a major challenge in PSCs

3.1.1 Quantitative insights into surface recombination. A
deeper understanding of these interfacial losses necessitates
a quantitative approach, particularly through surface recombi-
nation models. To better understand this challenge, the surface
recombination current JS of electrons at a hole contact is
expressed as

JS ¼ qSn0e
DEF

kB T (1)

where q is the electron charge, S is the surface recombination
velocity, n0 is the equilibrium electron density at the hole
contact, DEF is the quasi-Fermi level splitting, and kBT is the
thermal energy.60 This equation highlights how JS scales with
the surface recombination velocity and the charge carrier
density at the interface. The surface recombination velocity (S)
is dictated by the density of surface defects, which serve as
recombination centers, while n0 depends on the built-in electric
eld and the potential drop at the electrodes. A stronger built-in
eld reduces n0, thereby lowering the recombination current.
This relationship underscores the critical role of interface
engineering in minimizing recombination losses. By designing
defect-free interfaces and optimizing band alignment to
enhance the built-in eld, the recombination current can be
reduced, markedly improving the efficiency and performance of
thin-lm photovoltaic devices.

While interfacial recombination is a key limitation in single-
junction PSCs, tandem architectures present an even greater
challenge due to the presence of multiple stacked interfaces. In
such systems, efficient charge transport demands precise
interface engineering across both the perovskite top cell and the
underlying bottom sub-cell, making interfacial design even
more critical. Any mismatch in energy level alignment, charge
extraction inefficiencies, or interfacial defects can severely
impact VOC and overall PCE.61 Therefore, optimizing these
interfaces via efficient defect passivation strategies is para-
mount to minimizing non-radiative recombination losses,
ensuring efficient carrier transport, and stabilizing device
performance under operational conditions. As tandem archi-
tectures continue to evolve, it becomes increasingly evident that
managing interfacial quality is not merely advantageous but
essential for unlocking their full potential. A deep under-
standing of the nature, origin, and behavior of defects at
perovskite interfaces is crucial for devising effective passivation
strategies. In this context, investigating the types and dynamics
of defect formation at perovskite interfaces provides valuable
insights into mitigating recombination losses and enhancing
36 | EES Sol., 2026, 2, 28–87
device efficiency. The following section delves into the mecha-
nisms of defect formation at these critical interfaces.

3.1.2 Defect mediated recombination at the interface.
While p–i–n PSCs offer advantages in terms of fabrication
exibility, achieving optimal device performance in this archi-
tecture remained a considerable challenge when compared to
their n–i–p planar counterparts. The underwhelming PCEs of
inverted PSCs can largely be blamed on non-radiative recom-
bination of photogenerated charge carriers – a persistent issue
that has resisted numerous solutions. Fundamentally, a solar
cell's photo-voltage hinges on the separation of electron (EFn)
and hole (EFp) quasi-Fermi levels within the photoactive layer,
which, in turn, depends on the charge carrier density and
bandgap of the absorber.62 Non-radiative recombination
disrupts this delicate balance, undermining charge buildup and
dragging down the device's photo-voltage. Adding to the chal-
lenge are crystallographic defects like point defects and grain
boundaries at the surface and interfaces, which serve as prime
culprits for these undesirable recombination processes. Beyond
limiting photo-voltage, these defect sites also accelerate device
degradation, making them easy targets for environmental
factors to initiate damage.63 In addition to this, trap states
located at the surface and interfaces of perovskite can result in
the build-up of charges and losses in the device due to recom-
bination. The presence of trapped charge carriers introduces
extra non-radiative recombination pathways, leading to
a noticeable drop in the overall efficiency of the device, espe-
cially in the VOC of solar cells.64 Fig. 8 illustrates the various
recombination pathways commonly observed in photovoltaic
devices.

That said, it is imperative to note that perovskites are a class
of defect tolerant semiconductors unlike conventional semi-
conductors like Si or GaAs. The majority of defects present in
them are shallow defect states closer to the band edges and
therefore are benign in nature. Hence, rather than the bulk, it is
critical that the attention be focussed on the interface between
the perovskite absorber and the adjacent CTLs.66 These inter-
faces oen dictate overall device quality, serving as the decisive
factor that separates high-performing devices from their less
efficient counterparts. The following section delves into the
mechanisms of defect formation at these critical interfaces.

3.1.3 Defect formation at perovskite interfaces. Interface
defects are particularly susceptible to formation during crystal
growth and post-treatment processes, making their passivation
a key focus for improving PSC performance. In an ideal perov-
skite crystal, atomic positions remain xed; however, under
practical conditions, deviations arise due to processing varia-
tions, leading to defect formation.67 Four major categories of
interfacial defects have been identied as major contributors to
non-radiative recombination:

(i) intrinsic point defects, including antisite, vacancy, and
interstitial defects, which introduce transition levels within the
bandgap and contribute to shallow-level recombination when
located near the valence or conduction band;68

(ii) two-dimensional (2D) extended defects, such as grain
boundaries and surface defects;
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Overview of key carrier recombination pathways in solar cells: (a) radiative recombination, (b) Shockley–Read–Hall (defect-mediated)
recombination, (c) Auger recombination, and (d) interface recombination. Reproduced with permission from ref. 65, Copyright 2023 Wiley-VCH
GmbH.
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(iii) three-dimensional (3D) defects, including lead clusters;
and

(iv) highly mobile charged point defects, which, due to the
ionic nature of perovskites, can migrate to interfaces under an
electric eld, affecting photovoltaic performance and long-term
stability.64

Fig. 9 illustrates the common structural defects observed in
perovskite materials, including vacancies, interstitials, anti-site
defects, and grain boundaries, shown relative to the ideal crystal
lattice.

Thermal degradation and non-stoichiometry-related defects
are frequently identied as the primary sources of charge traps
Fig. 9 Representative defect types in perovskite solar cells. (A) Ideal crys
(D) triiodide (I3

−) interstitial, (E) lead (Pb2+) interstitial, (F) lead vacancy,
permission from ref. 69 Copyright 2021 Wiley-VCH GmbH.

© 2026 The Author(s). Published by the Royal Society of Chemistry
in PSCs. Methylammonium lead iodide lms have been
observed to decompose at temperatures as low as 105–150 °C,
leading to the formation of undercoordinated halide vacancies
and Pb2+ defect states. These defects, existing as dangling
bonds, serve as dominant charge trap sites, particularly at the
absorber/CTL interfaces. Under forward bias, these traps
become occupied, whereas under short-circuit conditions, they
discharge further, modifying the interfacial band structure.
Consequently, a depletion region forms at the ETL/perovskite
and HTL/perovskite junctions, impeding efficient charge
extraction and thereby limiting photovoltaic efficiency, partic-
ularly under a forward scan.66
tal structure, (B) iodide vacancy, (C) methylammonium (MA+) vacancy,
(G) Pb–I anti-site defect, and (H) grain boundary. Reproduced with
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This brings us to the second critical challenge at the inter-
face: improper energy level alignment. As previously discussed,
surface recombination is highly inuenced by the built-in
electric eld at the perovskite/CTL interfaces. The strength
and direction of this eld determine the efficiency with which
charge carriers are extracted and transported across the
device.60 However, when energy levels between the perovskite
and charge transport layers are not properly aligned, it can
exacerbate charge accumulation, reverse ow, or recombination
at the interface, further degrading device performance. Such
misalignments not only hinder charge extraction but also
disrupt the internal electric elds necessary to drive efficient
charge separation. Therefore, addressing energy level align-
ment is crucial for optimizing charge transport and minimizing
recombination losses, setting the stage for the next discussion
on strategies to achieve proper interface energy level matching.
Fig. 10 Semiconductor's energy diagram showing flat bands on the
surface. Vacuum level EVAC, WF, energy gap EG, ionization energy IE,
band edges (CBM/LUMO and VBM/HOMO), and electron affinity EA
are defined. Images reproduced with permission from ref. 73, Copy-
right 2015. Royal Society of Chemistry.
3.2. Energy level offsets: a key bottleneck in PSC interfaces

3.2.1 Electronic energy level landscape at semiconductor
interfaces. Processes involving transfer of electronic charges,
such as injection of holes or electrons, are determined by the
conguration of critical electronic energy levels of two semi-
conductors in contact, which in turn affect device properties.70

Two energy levels serve as crucial points of reference for the
electronic level's position, namely the Fermi level and vacuum
level (EVAC). The Fermi level (EF) is the energy level at which the
likelihood of an electronic state being occupied is half or, in
other words, it is the highest occupied electronic state when the
temperature is zero kelvin. EF intersects the conduction band
within a metal, delineating the boundary between lled and
empty states. The Fermi level (EF) of an intrinsic semiconductor
is positioned inside the band gap. EVAC denotes the minimum
energy an electron needs to overcome the solid's surface and
move into the vacuum. Instead of representing the absolute
vacuum level, EVAC represents the local vacuum level, inuenced
by attracting and repulsive forces such as electrostatic dipoles
near the surface.71 The position of EVAC is substantially inu-
enced by the electrostatic energy landscape and composition at
the surface. Since the position of EVAC is intricately shaped by
the electrostatic environment and surface composition, the
work function (F) dened as the energy difference between EVAC
and EF (F = EVAC − EF) serves as a sensitive indicator of the
surface electronics. When an interface is formed by bringing
together two surfaces into proximity, the work function (WF) of
two isolated surfaces can be employed to estimate the energy
level alignment and anticipate the direction of charge transfer.72

When discussing interfaces in PSCs, electronic transport is
mainly due to electrons at the CB edge and holes at the VB edge,
provided defect-level-assisted transport is disregarded. There-
fore, understanding the location of the EF in the band gap of
a semiconductor and the relationship between the band edges,
Fermi level, and vacuum level is crucial. At this juncture, it is
important to turn our attention to two more additional energy
quantities: electron affinity (EA), which is a measure of the
difference in energy between the vacuum level and CB
minimum, and the ionization energy (IE), which is dened as
38 | EES Sol., 2026, 2, 28–87
the energy difference between the vacuum level and VB
maximum.73 These energy quantities can generally be regarded
as theminimal energy released by acquiring a free electron from
a vacuum or the minimum energy needed to remove a surface-
bound valence electron, respectively. The energy level diagram
of a typical semiconductor is shown in Fig. 10.

3.2.2 Band edges and barriers: the interfacial physics of
semiconductors. From a broader perspective, classical thin-lm
semiconductor devices are intricate assemblies comprising
a network of interfaces: metal/semiconductor, insulator/
semiconductor, insulator/metal, and semiconductor/
semiconductor, each governed by distinct physical principles
and necessitating tailored modelling frameworks and charac-
terization techniques. When considering halide perovskites,
charge transport is primarily mediated by electrons and holes at
the CBM and VBM, respectively, assuming negligible contribu-
tion from mid-gap defect states or trap-assisted transport
mechanisms. Therefore, precise determination of the EF posi-
tion within the bandgap, as well as the energetic alignment of
the band edges relative to both EF and the vacuum level, is of
fundamental importance.74 A critical aspect of device perfor-
mance lies in the band offsets at heterointerfaces. At a metal/
semiconductor interface, the valence band offset (DEVB) plays
a key role in dening hole injection barriers, while in
semiconductor/semiconductor junctions, charge transport is
dictated by the offset between corresponding band edges:
conduction band offsets for electron transport and valence
band offsets for hole transport.70
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Early theoretical frameworks by Mott and Schottky proposed
that transport of charges across metal/semiconductor junctions
occurs via thermionic emission over an energy barrier, deter-
mined by the difference between the metal WF and the ioni-
zation energy (for p-type) or electron affinity (for n-type) of the
semiconductor. This idealized approach, known as the
Schottky–Mott limit, assumes no interfacial states or
dipoles.75,76 For semiconductor/semiconductor interfaces, the
Anderson model provides an analogous description, wherein
the vacuum level alignment of the two materials denes the
interface energetics. Within this framework, the energy barrier
encountered by electrons or holes is governed by the disparity in
electron affinities or ionization energies.77 However, decades of
experimental and theoretical research have shown that these
idealized models oen fail to capture the complex interfacial
physics observed in real devices. Advanced models incorporate
phenomena such as interface dipole formation and the align-
ment of charge neutrality levels, which play a pivotal role in
determining the interfacial energy landscape and driving the
redistribution of charge carriers at the interface.

3.2.3 Band edge engineering and its role in PSC perfor-
mance. An appropriate alignment of energy levels at the inter-
faces is crucial for optimizing the performance of solar cells.
Adjusting energy levels can enhance VOC and improve charge
transfer and extraction, leading to higher JSC and FF. Two
crucial interfaces for aligning the energy levels are those
between the perovskite with the hole transport layer (HTL) and
with the electron transport layer (ETL) as depicted in Fig. 11.78

In order to promote the transfer of carriers, it is necessary for
the lowest unoccupied molecular orbital (LUMO) of perovskite
Fig. 11 Fundamental energies like ionization energy (IE) and electron
affinity (EA), along with the positions of band edges (ECBM and EVBM) of
a perovskite layer with a specific band gap (BG) compared to energy
levels of adjacent charge transport layers. Reproducedwith permission
from ref. 78, Copyright 2014. Royal Society of Chemistry.

© 2026 The Author(s). Published by the Royal Society of Chemistry
to be higher than the CBM of the ETL and for the VBM to be
lower than the HTL. The transport of electrons across the
interface is determined by the variance between the CB edges of
the two materials, while hole transport is inuenced by the VB
edge offset. Critical in determining carrier recombination at the
pertinent interfaces are the band offsets of HTL/perovskite and
ETL/perovskite. A band offset of approximately 0.2 eV is
empirically required for effective charge extraction at the
perovskite/CTL interfaces.79

The phenomenon known as “band bending” refers to the
gradual alteration of a semiconductor's band edge in the
vicinity of a junction due to an energy differential with respect
to its junction partner.80 This kind of phenomenon is frequently
seen at the interface where the perovskite absorber layer and the
transporter layers meet. Kahn and colleagues quantied the
band bending at the interface of spiro-OMeTAD and perov-
skite.78 Spiro-OMeTAD was discovered to have a reduced ioni-
zation energy, resulting in a suboptimal alignment of the energy
level with the absorber. This bending introduces an energetic
barrier for hole extraction, potentially limiting VOC and
reducing overall device efficiency. The underlying cause of this
band bending is the disparity in the WF between the HTL and
the perovskite. When these materials are brought into contact,
Fermi level alignment necessitates interfacial charge redistri-
bution. In the case where the HTL possesses a lower WF, elec-
trons transfer from the HTL to the perovskite, depleting carriers
near the HTL surface and causing the energy bands to bend
upwards toward the interface. This leads to increased hole
trapping and impedes interfacial charge transfer.

In light of the intricate interfacial phenomena delineated
across Sections 3.1 to 3.2, it is evident that surface and defect-
mediated recombination and energy level misalignment at
interfaces represent core limitations to the performance and
stability of PSCs. These issues are magnied in tandem
congurations, where the multiplicity of interfaces introduces
compounded recombination pathways and energetic
mismatches. While perovskites possess a unique degree of bulk
defect tolerance, it is precisely at their interfaces with charge
transport layers that performance is most vulnerable to
perturbation. The accumulation of interface trap states,
improper band offsets, and unfavorable dipole-induced band
bending collectively hinder charge extraction and accelerate
degradation. Therefore, addressing these challenges demands
more than incremental improvements – it requires a compre-
hensive, strategic deployment of interface engineering
approaches tailored to the distinct physical and chemical
characteristics of each heterojunction. Techniques such as
interface dipole modulation, surface passivation via molecular
or ionic additives, compositional tuning of adjacent transport
layers, and controlled crystallization pathways are not optional
enhancements but rather essential design imperatives. As the
eld moves toward commercialization and deployment of PSCs
especially in complex architectures like tandems serious,
nuanced, and targeted interface engineering strategies will play
a decisive role in translating laboratory efficiencies into real-
world performance and durability which will be discussed in
detail in the following section.
EES Sol., 2026, 2, 28–87 | 39

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00089k


EES Solar Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 4
:4

7:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Interface engineering in perovskite
photovoltaics

As the eld of perovskite photovoltaics matures, the focus has
progressively shied from bulk material optimization to the
subtleties of interfacial design, where even minor modications
can induce substantial gains in device performance and
longevity. Interface engineering strategies now represent
a diverse and evolving toolkit that enables researchers to ne-
tune charge dynamics, mitigate loss mechanisms, and adapt
device architectures for emerging applications. To structure our
discussion on interface engineering in perovskite photovoltaics,
we begin with an overview of foundational strategies employed
in single-junction PSCs (Section 4.1). While not exhaustive, this
section highlights representative examples of surface passiv-
ation, defect mitigation, and energy level tuning to provide
a snapshot of the key approaches that have driven interface
innovation to date. Nevertheless, for a more comprehensive
treatment of interface engineering strategies in single-junction
PSCs, we refer the reader to prior detailed reviews,56,64,65,81–83 as
this lies beyond the scope of the present work. Building on this,
Section 4.2 explores the emergence and evolution of self-
assembled monolayers (SAMs) as a powerful tool for interfa-
cial modication, tracing their integration into various device
architectures. Finally, Section 4.3 delves into the interfacial
energetics of chemically modied semiconductors, focusing on
how energy level alignment, dipole formation, and band
bending inuence charge dynamics and recombination at the
interface.
4.1. Overview of interface engineering strategies in single
junction PSCs

Strategic interface engineering such as tuning the WF of CTLs
via molecular doping or surface treatments can reduce band
bending and improve energy level alignment.84,85 Even slight
increases in the CTL work function can mitigate upward band
bending, reduce interfacial energy barriers, and enhance hole
extraction. Consequently, minimizing the interfacial energetic
mismatch is essential to suppress non-radiative recombination
losses and elevate VOC, thereby improving the overall device
performance. The need for targeted interface engineering is
thus not merely auxiliary but fundamental, offering solutions to
tune the electronic structure, passivate surface states, suppress
recombination, and modulate interfacial electric elds. In
single junction PSCs, a wide variety of interface engineering
techniques have been developed to address these multifaceted
challenges. Surface treatments with Lewis bases (e.g., thiophene
and pyridine), halide salts (e.g., MACl and CsF), small organic
molecules, and fullerene derivatives have demonstrated
remarkable improvements in passivating undercoordinated
Pb2+ or halide vacancies at the perovskite surface.86–92 The idea
of surface passivation in PSCs really took off when researchers
found that adding a bit of extra PbI2 could boost efficiency. It
helped reduce carrier recombination not just within the
perovskite layer itself, but also at the interfaces with the electron
and hole transport layers as shown in Fig. 12 a.93 Since then,
40 | EES Sol., 2026, 2, 28–87
using excess PbI2 has become a go-to approach in tweaking
perovskite compositions.94–96 Later on, Bi et al. took it a step
further by carefully adjusting the amount of PbI2, achieving
a remarkable drop in VOC losses and a notable increase in
external electroluminescence quantum efficiency.96

Lewis base passivation has emerged as another key strategy
in interface engineering for PSCs. The idea is fairly straight-
forward: Lewis bases, which function as lone pair electron
donors, interact with undercoordinated Pb2+ ions or iodine
vacancies in the perovskite, forming stable Lewis adducts that
help reduce defect states. Pioneering work was reported by Noel
et al. in 2014, where they treated the perovskite surface with
a thin layer of thiophene or pyridine.99 These molecules,
through strong coordination between the sulfur in thiophene or
the nitrogen in pyridine and Pb2+, effectively passivated surface
defects as illustrated in Fig. 12b. This treatment led to a notable
increase in the time-resolved photoluminescence (TRPL) life-
time and better operational stability under maximum power
point (MPP) tracking.

Building on this, Yavari et al. used poly(4-vinylpyridine)
(PVP), a polymer bearing pyridine groups, as a passivation
layer and observed improved performance in MAPbI3-based
devices.100 Other Lewis bases containing amine groups, phos-
phine groups and diketonate groups have also attracted the
attention of the scientic community as proven effective
passivation layers since then.91,97,101 Some of such salient studies
are depicted in Fig. 13a–c. Lin et al. demonstrated that p-
conjugated small molecules, specically indacenodithiophene
end-capped with 1,1-dicyanomethylene-3-indanone, can effec-
tively passivate surface and grain boundary defects in hybrid
perovskites as depicted in Fig. 13d.102 The incorporated Lewis
base groups (C]O and C^N) coordinate with under-
coordinated Pb2+ ions and Pb clusters, reducing non-radiative
recombination. Meanwhile, the n-type p-conjugated backbone
enhances electron extraction and transport, contributing to
improved device performance. Recently, Li et al. used DFT
calculations to identify phosphorus-containing Lewis bases as
strong binders to Pb2+, with 1,3-bis(diphenylphosphino)
propane (DPPP) showing the highest affinity.103 DPPP effectively
passivated defects and bridged grain boundaries in inverted
PSCs, enabling devices to retain or slightly exceed an initial
∼23% PCE aer >3500 hours under AM1.5 illumination at∼40 °
C and maintain stability aer >1500 hours at 85 °C under open-
circuit conditions.

In recent years, buried interface (BI) engineering has
emerged as a critical strategy in the development of high-
efficiency and stable PSCs, across both regular (n–i–p) and
inverted (p–i–n) planar device congurations. The BI dened as
the interface between the underlying CTL and the perovskite
active layer plays a pivotal role in dictating lm crystallinity,
charge extraction, defect passivation, and interfacial energy-
level alignment.56 Given that interfacial imperfections can
lead to trap-assisted recombination and hysteresis, optimizing
the BI has become essential for enhancing both performance
and long-term operational stability. In n–i–p structures, where
a metal oxide (e.g., SnO2 or TiO2) typically serves as the ETL,
chemical modication of the BI has been extensively studied.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Schematic illustration of PbI2-induced passivation in CH3NH3PbI3 films. Type-I band alignment between residual PbI2 (2.3 eV) and
perovskite (1.5 eV) suppresses interfacial recombination at both TiO2 and HTM interfaces. PbI2 at the perovskite/HTM boundary also modifies
grain boundary band bending, reducing carrier losses. Reproduced with permission from ref. 93, Copyright 2014, American Chemical Society. (b)
Iodine vacancies creating positively charged Pb2+ trap sites and its passivation using coordination of thiophenemolecules at perovskite surfaces.
Reproduced with permission from ref. 97, Copyright 2014, American Chemical Society. (c) Schematic of passivation by protic ionic liquids (PILs)
and surface functionalization of SnO2 with 3-(1-pyridyl)-1-propane sulfonate. Reproduced with permission from ref. 98, Copyright 2021, Royal
Society of Chemistry; reproduced with permission from ref. 63, Copyright 2018, Royal Society of Chemistry.
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Poor interfacial quality can result in defective nucleation, infe-
rior grain formation, and substantial defect densities, all of
which severely degrade device efficiency.104 To overcome these
limitations, a variety of inorganic ionic salts including KCl, KF,
and NH4F and functional organic molecules such as zwitterions
© 2026 The Author(s). Published by the Royal Society of Chemistry
and self-assembled monolayers (SAMs) have been applied to
passivate the surface of SnO2 and tailor the interfacial
properties.105–111 Fig. 12c illustrates some of these studies on
interface modication at the ETL/perovskite junction using
ionic liquids and zwitterions. These materials mitigate trap
EES Sol., 2026, 2, 28–87 | 41
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Fig. 13 Amine-based surface treatment and its impact on perovskite film stability: (a) molecular structures of aniline, benzylamine, and
phenethylamine; (b) schematic of the spin-coating and annealing process used for amine modification of FAPbI3 films; (c) visual comparison of
untreated and amine-treated FAPbI3 films over time under controlled humidity exposure. Reproduced with permission from ref. 97, Copyright
2016, Wiley-VCH GmbH. (d) Schematic illustration of trap passivation via Lewis base–Pb2+ coordination depicting the interaction between p-
conjugated Lewis bases and undercoordinated Pb2+ ions, leading to dative bond formation and suppression of electronic trap states at the
perovskite interface. Reproduced with permission from ref. 102, Copyright 2017, Wiley-VCH GmbH.
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densities, improve wettability, and promote more uniform
perovskite crystallization. In particular, amine salts have proven
effective as pre- and post-deposition additives for SnO2, facili-
tating bottom-up BI modication. Their use not only improves
CTL quality but also promotes the release of residual stress
during thermal processing, driving a favorable transition from
thermodynamically unstable to stable perovskite phases with
enhanced structural coherence.

A notable benet of amine salts is their tendency to form
low-dimensional 2D perovskite interfacial layers, which act as
templating scaffolds for the vertical growth of high-quality 3D
perovskite lms.112 These interfacial layers can suppress defect
propagation, reduce ion migration pathways, and considerably
enhance charge extraction.113 Additionally, the inherent
vulnerability of the buried interface to solvent and thermal
damage during fabrication has spurred the development of
42 | EES Sol., 2026, 2, 28–87
alkali metal salt-based strategies. Salts such as KCl, KI, and
potassium uorosulte (KFSO) have been shown to passivate
cation vacancies and grain boundaries both at the BI and within
the bulk, thereby mitigating non-radiative recombination and
reducing hysteresis.114–116 Furthermore, recently Chen et al.
incorporated rubidium halides at the buried interface leading
to the in situ formation of Rb-based perovskitoid scaffolds,
which reinforced interfacial crystallization and passivation.
Devices utilizing this approach demonstrated marked PCE
enhancements, e.g., from 23.26% to 25.14%.117

In contrast, inverted (p–i–n) planar architectures, which
utilize hole transport layers (HTLs), such as NiOx, PTAA, or
PEDOT:PSS beneath the perovskite layer, present a distinct set
of challenges and opportunities for BI engineering. The rela-
tively poor wetting behavior and surface energy mismatch
between organic HTLs and the perovskite precursor solution
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Bilateral chemical linking at the NiOx buried interface using 1,3-dimethyl-benzoimidazol-2-thione (NCS). Reproduced with
permission from ref. 119, Copyright 2024, Wiley-VCH GmbH. (b) Surface redox engineering (SRE) for electron-beam evaporated NiOx.
Reproduced with permission from ref. 120, Copyright 2022, Elsevier Inc. (c) Self-assembled amine-terminated silane monolayer for NiOx surface
passivation. Reproduced with permission from ref. 122, Copyright 2022, Elsevier Inc.
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can hinder nucleation, resulting in discontinuous or poorly
crystallized lms. To address this, various BI modication
strategies have been proposed, including surface hydroxylation
or plasma treatment of NiOx, amino-functionalized silanes, and
molecular interlayers designed to enhance surface polarity and
binding affinity.118–123 Some of these attempts are depicted in
Fig. 14. These modications have been shown to improve
perovskite lm uniformity, reduce interfacial defects, and
increase device reproducibility.

Collectively, these studies highlight that interface engi-
neering is not a one-size-ts-all approach; instead, it must be
tailored to the specic physicochemical characteristics of the
CTL and the deposition dynamics of the perovskite layer in each
device conguration. Whether through chemical additives,
surface functionalization, or structural templating, interface
modication has become an indispensable component of
modern PSC design paving the way for devices with enhanced
power conversion efficiency, suppressed hysteresis, and
improved long-term stability.
4.2. SAMs in PSCs: a timeline of interface innovation

The development and deployment of SAMs in PSCs represents
one of the most transformative interface engineering strategies
within the domain of thin-lm photovoltaics. SAMs, mono-
molecular lms formed via chemisorption of amphiphilic
molecules onto reactive substrates, offer exceptional control
over interfacial properties at the molecular level.124 Their
© 2026 The Author(s). Published by the Royal Society of Chemistry
emergence as an essential component in PSCs stems from the
growing demand for ultrathin, chemically tailored, and ener-
getically aligned interfaces, particularly in inverted device
architectures and tandem congurations.125 The application of
SAMs in PSCs was initially inspired by their success in organic
electronics, especially organic eld-effect transistors (OFETs)
and organic photovoltaics (OPVs), where they were used to
modify electrode work functions and promote selective charge
extraction.126 One of the earliest conceptual advances in PSCs
was reported by Abrusci et al., who employed a hybrid archi-
tecture consisting of a fullerene SAM (C60SAM)-functionalized
mesoporous TiO2, a CH3NH3PbI3−xClx perovskite absorber,
and P3HT as the hole-transporting material, achieving a PCE of
6.7%.127 While C60SAM efficiently accepted electrons, it blocked
their transfer to the TiO2 scaffold owing to poor energy level
alignment and limited electronic coupling as illustrated in
Fig. 15. Instead, electrons were transported via the perovskite,
reducing interfacial losses. This approach enabled a versatile
platform for polymer-integrated PSCs and, with spiro-OMeTAD,
yielded an improved efficiency of 11.7%.

The application of fullerene SAMs was eventually translated
into planar architecture by Wojciechowski et al. who introduced
a C60-based SAM on a TiO2 compact layer.128 This modication
enabled efficient electron extraction and activated both the n–i
and i–p heterojunctions, markedly enhancing device operation.
The interface engineering strategy markedly improved PCE,
from 11.5% to 14.8%, with a peak stabilized output of 15.7%,
while simultaneously suppressing hysteresis and non-radiative
EES Sol., 2026, 2, 28–87 | 43
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Fig. 15 Impact of C60-SAM functionalization on perovskite optoelectronics and charge transfer: (a) absorption spectra of P3HT/perovskite films
with and without C60-SAMmodification; (b) schematic of the device architecture; (c) energy level diagram illustrating electron transfer pathways,
with shaded DOS regions indicating occupied states in TiO2 and fullerene layers. Reproduced with permission from ref. 127 Copyright 2013,
American Chemical Society.
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recombination. The C60-SAM played a pivotal role in passivating
interfacial trap states by anchoring to the TiO2 surface and
interacting with the perovskite phase thereby optimizing charge
dynamics and establishing its importance in advancing the
performance of planar p–i–n PSCs. A more targeted application
emerged with Magomedov et al., who explored the introduction
of a dopant-free hole-selective SAM, marking the rst use of
such a layer as a hole transport contact.129 Utilizing a novel
phosphonic acid-functionalized molecule (V1036), the SAM was
formed via a simple solution-immersion process on indium tin
oxide (ITO), enabling efficient charge extraction with minimal
parasitic absorption. This strategy delivered PCEs of up to
17.8% and average ll factors approaching 80% as shown in
Fig. 16. Beyond performance gains, the approach offered
excellent scalability and conformal coverage over large or
textured substrates with minimal material and improved
absorber quality. Thus, this work marked a turning point: SAMs
not only adjusted the ITO work function but also improved lm
wetting, leading to enhanced perovskite lm quality and sup-
pressed interfacial recombination.

Building on these early successes, systematic efforts were
undertaken to synthesize and evaluate a broader family of
44 | EES Sol., 2026, 2, 28–87
carbazole-based SAMs. The introduction of MeO-2PACz
(methoxy-substituted 2PACz) was particularly inuential. This
molecule was found to substantially increase the ITO WF (by
>0.5 eV), reduce interfacial dipole mismatch, and promote
ohmic contact formation at the perovskite–electrode interface.
Al-Ashouri et al. demonstrated that MeO-2PACz could replace
conventional polymeric HTLs such as PTAA, leading to inverted
PSCs with PCEs exceeding 20%, reduced VOC decits, and
enhanced operational stability.130 Furthermore, conformal
interfacial coverage enabled them to develop monolithic CIGSe/
perovskite tandems on rough CIGSe surfaces, achieving a certi-
ed 23.26% efficiency on 1 cm2 active area as depicted in
Fig. 17. Around this period, SAM-based HTLs began gaining
favor due to their ultrathin nature (<2 nm), which eliminated
parasitic optical absorption and reduced interfacial energetic
losses. Additionally, SAMs offered improved chemical stability
compared to acidic or hygroscopic polymeric layers. Devices
based on MeO-2PACz exhibited improved photovoltage reten-
tion under thermal and light soaking conditions, paving the
way for their adoption in long-term stability studies.

The next major milestone was the integration of SAMs into
monolithic perovskite/silicon (pero/Si) TSCs, where their
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Photovoltaic performance and spectral response of SAM-modified PSCs. (a) J–V curves and MPP tracking of PTAA devices with V1036/
C4 SAMs; (b) EQE spectra of PTAA and SAM–HTM hybrids; (c) structure of a V1036 molecule. Reproduced with permission from ref. 129,
Copyright 2018 WILEY-VCH Verlag GmbH & Co.
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conformality and chemical robustness became essential. Al-
Ashouri et al. reported the successful deposition of MeO-
2PACz on textured ITO substrates, a critical requirement for
integrating SAMs into industrially relevant bottom cells with
textured front contacts.44 The SAM not only enhanced perov-
skite adhesion and crystallization on the complex topography
but also minimized interfacial recombination, allowing
tandems to surpass 29% certied PCE. This period also saw the
exploration of SAMs on alternative substrates, such as SnO2 and
NiOx, and their compatibility with scalable deposition tech-
niques like blade coating, slot-die coating, and spray deposi-
tion. The ability of SAMs to self-assemble on non-planar and
rough substrates was key to enabling large-area device fabrica-
tion with high uniformity and reproducibility.

Recent research has focused on expanding the chemical
diversity of SAM molecules to incorporate additional function-
alities. For example, zwitterionic SAMs, uorinated derivatives,
and phosphorus- or sulfur-containing terminal groups have
been employed to ne-tune dipole orientation, improve mois-
ture resistance, and introduce defect passivation capabilities.131
© 2026 The Author(s). Published by the Royal Society of Chemistry
Chen et al. developed a series of SAMs with tailored alkyl spacer
lengths and varying electron-donating/-withdrawing terminal
groups to understand the interplay between molecular packing
density and energy level alignment.132 Their ndings empha-
sized that even small changes in the molecular structure could
yield notable differences in contact selectivity and interfacial
electric elds. The most recent phase of SAM development is
characterized by efforts to industrialize their application in
large-areamodules and tandem architectures. SAMs compatible
with roll-to-roll (R2R) processing, exhibiting solvent orthogo-
nality, and demonstrating long-term thermal and photo-
stability are now in focus. In the last 5 years, multiple
research groups showcased SAM-integrated minimodules,
exceeding 22% efficiency with operational stabilities over 1000
hours under damp heat and continuous illumination.133 At the
same time, the structure–property–function relationship of
SAMs is being investigated with greater granularity, including
studies on molecular orientation, interfacial dipole formation,
and electronic coupling with the perovskite layer. The rapid
evolution of SAM-based strategies in PSCs from early fullerene
EES Sol., 2026, 2, 28–87 | 45
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Fig. 17 MeO-2PACz SAMs as ultrathin HTLs in monolithic CIGSe/perovskite tandem solar cells. (a) Schematic illustration of the device stack
highlighting the SAM-modified ITO/perovskite interface. (b) Energy level alignment of different SAM molecules relative to the perovskite
absorber, illustrating the tuning of interfacial energetics. (c) Chemical structures of representative SAM molecules (V1036 and MeO-2PACz). (d)
J–V characteristics of the optimized tandem device incorporating MeO-2PACz, along with corresponding cross-sectional SEM showing the
layered architecture. Reproduced from ref. 130 under a Creative Commons CC BY 3.0 license.
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monolayers to modern phosphonic acid-functionalized carba-
zole derivatives has not only enhanced device performance and
scalability but also reshaped our understanding of interfacial
control at the molecular level. These developments underscore
the importance of energetic alignment at the buried interfaces,
where even sub-nanometer dipolar modications can dictate
charge selectivity, reduce recombination, and tune built-in
potentials. As SAMs increasingly serve as functional replace-
ments for conventional charge transport layers, their inuence
extends beyond surface chemistry into the realm of interfacial
energetics, where molecular dipoles, surface states, and Fermi
level alignment govern the electronic structure.

4.3. Interface energetics in chemically modied
semiconductors

To fully appreciate and rationalize the performance improve-
ments introduced in the preceding section, it is essential to
examine how chemically tailored interfaces, particularly those
involving SAMs, redene the energetic landscape at semi-
conductor junctions. We now delve into the fundamental
principles of interface energetics in chemically modied semi-
conductors, illustrating how molecular design directly maps
46 | EES Sol., 2026, 2, 28–87
onto energy-level tuning, Schottky barrier modulation, and the
mitigation of Fermi level pinning. In semiconductor-based
devices, particularly those incorporating heterojunctions, the
energetic landscape at the interface plays a pivotal role in gov-
erning charge injection, extraction, and recombination.134,135

Historically modeled through the Schottky–Mott framework,
the classical approach assumes that the Schottky barrier height
(SBH) at a metal–semiconductor (M–S) junction is solely
determined by the difference between the metal WF and the
electron affinity (c) of the semiconductor.136 This idealized
description presumes vacuum level alignment and negligible
interfacial interaction, yielding the relation:

SBH = WFmetal − csemiconductor (2)

However, experimental observations frequently reveal
notable deviations from this model, necessitating a more
nuanced understanding of interface energetics. In practice,
energy alignment is modulated by the emergence of an inter-
facial potential step (D), which arises from intrinsic dipoles,
interfacial states, or chemical bonding.137 The sign convention
for D is such that D > 0 when the vacuum level increases moving
© 2026 The Author(s). Published by the Royal Society of Chemistry
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from the metal into the semiconductor. Thus, a more accurate
expression for the SBH becomes

SBH = WFmetal − csemiconductor − D (3)

The potential step D represents a shi in the local vacuum
level due to electrostatic reconguration at the interface. Its
sign and magnitude depend on the direction and density of
charge displacement or dipole formation. Importantly, the
Fermi level (EF) must equilibrate across the junction at ther-
modynamic equilibrium, leading to band bending in the
semiconductor and establishing a built-in potential (Vbi),
closely tied to the SBH.138 The barrier height for an n-type
semiconductor is further decomposed into

SBH = Vbi + x (4)

where x represents the energy offset between the bulk semi-
conductor's CBM and its EF. When a SAM is chemisorbed onto
a semiconductor surface (e.g., Si, TiO2, and ZnO), its net
molecular dipole moment introduces a localized potential step
at the interface.139 This modies the local vacuum level and
shis the energy levels of the semiconductor relative to the
adjacent contact (typically a metal or another semiconductor).
According to the generalized Schottky barrier equation, D

includes the contribution of the SAM-induced dipole. SAMs
with electron-withdrawing end groups (e.g., –NO2 and –CF3)
increase D, reducing the barrier for electron injection, while
electron-donating groups (e.g., –NH2 and –OMe) can lower D,
raising the barrier. Such chemical tunability of D enables
precise control over charge selectivity and injection barriers.

This interfacial rearrangement invalidates the simplistic
notion of vacuum level continuity across the junction and
introduces the concept of the interface specic region (ISR) –
Fig. 18 Schematic representation of Schottky barrier formation mecha
mediated energy level alignment illustrating Fermi level pinning due to a
a net interface charge (QIS) and band bending across the space-charge re
idealized abrupt interface, where intrinsic dipoles across the interface-sp
of interface defects or foreign layers. Reproduced with permission from

© 2026 The Author(s). Published by the Royal Society of Chemistry
a spatially conned but chemically and electronically distinct
zone wherein the frontier orbitals of the adjacent phases
hybridize or interact electrostatically.136 This region accounts
for bond polarization at the interface, wavefunction matching
between the two materials and charge redistribution due to
chemical interactions. Even in the absence of traditional “defect
states,” such chemical bonding or hybridization effects lead to
a built-in dipole, dISR, and thus contribute to D, modifying the
energy level alignment.140 The ISR is chemically distinct from
the adjacent bulk regions and is central to understanding
deviations from the Schottky–Mott behavior. In systems with
molecular modication, such as SAM-functionalized interfaces,
this ISR concept becomes even more critical. SAMs can serve as
interfacial capacitors, adding both intrinsic molecular dipoles
and interface-induced dipoles via charge rearrangement with
the substrate or adjacent contact.141 SAM molecules occupy this
region—replacing native oxides or surface states with
a controlled chemical entity. Consequently, within this
interface-sensitive region (ISR), dipoles form due to molecular
alignment, charge rearrangement occurs between the SAM and
the substrate, and band alignment is altered through hybrid-
ization or the induction of interface states.142 SAMs can thus be
engineered to dene the ISR with desirable electrostatic and
electronic characteristics. Energy band alignment and Schottky
barrier formation at a metal/n-semiconductor junction via
interface-state charging and bond-polarization mechanism are
illustrated below in Fig. 18.

The sensitivity of the SBH to changes in the metal work
function is oen quantied using the index of interface
behavior (S) given by144

S ¼ dðSBHÞ
dðWFÞ (5)
nisms at metal/n-type semiconductor interfaces: (A) interface-state-
high density of states near the charge neutrality level (CNL), leading to
gion (SCR); (B) bond polarization-driven potential step formation at an
ecific region (ISR) generate a built-in potential (D0) despite the absence
ref. 143, Copyright 2017 American Chemical Society.
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Values of S / 1 indicate vacuum level alignment (Schottky–
Mott limit), while S / 0 corresponds to Fermi level pinning
(Bardeen limit), where the barrier becomes insensitive to the
metal's WF and is governed instead by a xed charge neutrality
level (CNL), typically associated with surface or interface
states.145 This transition from intrinsic material properties to
extrinsic interfacial characteristics underscores the importance
of chemical control at the interface. On bare covalent semi-
conductor surfaces (like Si), S is typically small (Sz0), meaning
that the Fermi level is “pinned” by interface states. Fermi level
pinning is classically attributed to the presence of interface trap
states localized electronic states residing energetically within
the bandgap.146 These states act as electron or hole traps,
capturing free carriers and distorting the ideal charge distri-
bution. The resulting charge transfer leads to a built-in elec-
trostatic potential, or band bending, that opposes further
injection or extraction of carriers. The amount of charge
residing in these interface states, QIS, and its compensation by
space charge within the semiconductor QSCR, yields a net
interfacial dipole QM:143

QM = −(QIS + QSCR) (6)

The total SBH under pinning conditions is then approxi-
mated as

SBH ∼ Eg − ECNL (7)

where Eg is the semiconductor bandgap and ECNL is the energy
of the charge neutrality level.141 Crucially, this understanding
enables the rational design of interface chemistry to mitigate
pinning and control the SBH. One effective strategy is the
chemical passivation of trap states using self-assembled
monolayers (SAMs). SAMs can bind to dangling bonds or
defective sites via covalent anchoring groups (e.g., silanes and
phosphonic acids), thereby eliminating electronic states within
the bandgap and restoring the electronic integrity of the
surface. They replace disordered oxide layers with an ordered,
dipolar interface, thereby reducing Fermi level pinning and
increasing interface behavior (S). A well-ordered SAM with
a clean, saturated monolayer can shi interface behavior
from the Bardeen limit (S z 0) toward the Schottky–Mott
regime (S z 1).147 Furthermore, densely packed SAMs can
function as diffusion barriers, suppressing oxidation and
chemical degradation of the underlying semiconductor.

By modifying the interfacial dipole and passivating surface
states, SAMs also inuence the band bending (BB0) in the
semiconductor. Eqn (4) highlights that any change in D via
SAM-induced dipoles will be reected in the near-surface
potential prole.145 This is especially critical in photocon-
ductive or photovoltaic devices, where the extent and direction
of band bending dictate carrier separation, recombination,
and extraction efficiencies. Hence, a judiciously engineered
SAM layer can invert surface band bending, improve charge
selectivity, and enhance open-circuit voltage in devices such
as perovskite or organic solar cells. In addition to removing
mid-gap states, SAMs may induce eld-effect passivation,
48 | EES Sol., 2026, 2, 28–87
wherein molecular dipoles repel majority carriers from the
surface, thereby enhancing minority carrier lifetimes even
without fully eliminating interface states. Thus, by intro-
ducing dipolar elds, altering Fermi level alignment, dening
the interfacial region, and controlling band bending, SAMs
provide a molecular handle to tune the interfacial electronic
structure. This capability is indispensable for enabling the
next era of optoelectronic innovation, where performance is
fundamentally limited by interfacial energetics. While the
preceding discussions have centered on single-junction
perovskite devices, the principles of dipole engineering and
molecular passivation become even more critical in tandem
architectures. Here, multiple sub-cells with dissimilar mate-
rials, bandgaps, and fabrication protocols must be seamlessly
integrated through electronically and optically compatible
interfaces. The application of SAMs and dipole-tailored
interlayers in such tandem congurations enables precise
control over interfacial energetics, enhances recombination
layer performance, and mitigates voltage losses arising from
mismatched interfaces. The following section delves deeper
into the need for extending and recontextualizing these
interface engineering strategies in the domain of tandem
photovoltaics.
4.4. Extrapolating interface engineering strategies from
single-junction PSCs to tandem architectures

Interface engineering has emerged as a cornerstone of perfor-
mance optimization in single-junction PSCs, enabling
substantial gains in PCE, VOC, and long-term operational
stability. These advancements have largely been driven by the
strategic manipulation of surface energetics, defect states, and
charge extraction barriers at the perovskite/transport layer
interfaces as detailed in the preceding sections. Techniques
such as chemical passivation, interfacial dipole tuning, and
work function modication using SAMs, Lewis bases, and ionic
additives have proven highly effective in mitigating non-
radiative recombination and aligning energy levels. As TSCs,
particularly perovskite-based tandems, advance toward
commercial relevance, a critical question arises: to what extent
can these single-junction interface engineering paradigms be
directly transposed to tandem architectures? The extrapolation
is not only plausible and essential but it also demands a more
nuanced, holistic, and system-level approach to interface
design. Tandem congurations inherently introduce a more
complex interfacial landscape, comprising multiple charge-
selective layers, recombination junctions, and diverse
absorber materials with varying electronic structures. Unlike
single-junction devices where the perovskite is interfaced with
a single electron transport layer (ETL) and hole transport layer
(HTL), tandem devices involve at least two photoactive layers
each with its own set of transport contacts necessitating the
optimization of multiple nested interfaces. These include
perovskite/CTL interfaces within the top cell, the inter-
connecting or recombination layer between the sub-cells, and in
monolithic tandems, the bottom cell interfaces that interact
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with the optical and electrical environment imposed by the top
cell.

In particular, monolithic (two-terminal) tandems, which are
the most industrially viable due to their simplied module
integration, pose considerable interfacial challenges. The
recombination layer in such devices must facilitate efficient
carrier recombination while being optically transparent,
chemically inert, and energetically aligned with both sub-cells.
Any imbalance in charge transport, improper band alignment,
or interfacial recombination at this junction can result in
photocurrent mismatch and substantial VOC losses.148 Crucially,
the Fermi level alignment and vacuum level shis across these
interfaces must be optimized to avoid charge buildup and
recombination. For example, in a two-terminal tandem, both
sub-cells operate under the same current, meaning that any
imbalance in interface quality or charge extraction efficiency
leads to photocurrent mismatch, reducing the overall perfor-
mance.61 While strategies like dipole-inducing interlayers and
passivating SAMs have been successful in minimizing energy
barriers and trap states in single-junction devices, their inte-
gration into buried or recombination interfaces of tandem
structures requires additional considerations, such as thermal
stability, conformality on textured substrates, and solvent
orthogonality during sequential deposition. The transfer of
interface engineering strategies such as SAMs and dipole
interlayers into tandem cells offers both opportunities and
challenges. In single-junction devices, SAMs like MeO-2PACz or
PTAA analogues are used to modify ITO or metal oxide
substrates, aligning their work functions with the perovskite
HOMO or LUMO levels and improving lm formation. In
tandem cells, these SAMs must play multifunctional roles: they
must enable high-quality perovskite deposition, maintain elec-
tronic selectivity, and withstand chemical processing steps
during the subsequent layer deposition.149 Moreover, SAM-
induced vacuum level shis must be ne-tuned in tandem
architectures to align the Fermi levels across sub-cells. The
magnitude and direction of this shi (D) due to a SAM is
inuenced by the molecular dipole moment (m), the packing
density (s), and the dielectric constant of the medium (3),
approximated using143

D ¼ ems

330
(8)

This electrostatic model underlines how molecular design
namely terminal groups, backbone conjugation, and head-
group binding can be used to rationally tune interfacial ener-
getics. However, unlike in single-junction devices where at,
planar substrates are typically employed, tandem cells oen
involve textured or rough surfaces (e.g., pyramid-textured c-Si).
Hence, conformality and uniformity of SAM deposition
become crucial.150 Techniques like molecular vapor deposition
(MVD) or solution-based immersion on textured substrates have
been explored, but reproducibility and long-term stability
remain open challenges.151

Furthermore, the perovskite top cell in a tandem device must
operate at a higher bandgap (∼1.7–1.8 eV) compared to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
∼1.5 eV used in single-junction PSCs. This shi affects the
absolute positions of the conduction and valence band edges,
necessitating re-optimization of energy level alignment with
both ETLs and HTLs. For example, ETLs that are well matched
to low-bandgap perovskites may form energy barriers or cause
Fermi level pinning when interfaced with wide-bandgap
perovskites.152 As a result, interface energetics must be
tailored specically for the optical and electronic environment
of the tandem conguration, rather than relying on established
single-junction recipes.

Another key consideration is optical parasitics. In tandem
cells, each interfacial layer contributes not only to electronic
properties but also to light management. Even minor
absorption or reection losses at interfacial layers tolerable in
single-junction designs can compound into substantial effi-
ciency penalties in tandem devices.27 Interface materials such
as SAMs, with their ultrathin, conformal, and optically benign
nature, are uniquely positioned to address this constraint,
offering a path to low-loss, chemically tailored interlayers.
Finally, the mechanical and chemical compatibility of inter-
facial materials becomes more critical in tandem congura-
tions, particularly for large-area, scalable fabrication.153 For
instance, the use of orthogonal solvents during top-cell
deposition must not degrade the underlying bottom cell or
previously deposited layers. Here again, interface engineering
approaches developed for single-junction devices such as
covalently bonded SAMs or robust interfacial passivation
layers can be adapted, provided they are engineered with an
understanding of multi-stack interactions. From a mechanical
standpoint, tandem devices undergo multiple thermal cycles
and solvent exposures, necessitating chemically robust and
thermally stable interface designs.154 SAMs with phosphonic
acid anchoring groups on TCOs have shown excellent thermal
and moisture resistance, making them suitable candidates for
tandem integration.

Ultimately, while the physical principles underpinning
interface engineering like defect passivation, dipole modula-
tion, and energy level alignment are consistent across single-
junction and tandem devices, the architectural complexity of
tandem cells demands a systems-level rethinking of these
strategies. This includes

� engineering sequential energy level alignment across
stacked layers,

� designing optically transparent, recombination-capable
interlayers with minimal electrical resistance,

� ensuring chemical orthogonality between layers deposited
via solution or vacuum processing,

� maintaining mechanical adhesion and stability across
interfaces under operational stress.

A robust interface design in tandem devices must not only
optimize carrier extraction but also support the physical inte-
gration of dissimilar materials with varying thermal budgets,
surface chemistries, and processing requirements. Therefore,
the translation of single-junction interface strategies into
tandem architectures is not a matter of direct replication, but of
adaptation, integration, and co-optimization across the full
device stack. The following table gives a comparison of interface
EES Sol., 2026, 2, 28–87 | 49
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Table 1 Key differences in interface engineering for single-junction vs. tandem perovskite architectures

Parameter
Single-junction
PSCs

Perovskite-based
tandem PSCs

Implication for interface
engineering

Number of
interfaces

Typically, 2 primary interfaces:
perovskite/ETL and
perovskite/HTL

Multiple nested interfaces:
ETL/perovskite, perovskite/HTL,
recombination layers, and
transparent electrodes

Requires layer-by-layer
optimization and holistic
interface mapping

Perovskite bandgap ∼1.5 eV (narrow bandgap) ∼1.7–1.8 eV (top cell) and ∼1.2 eV
(bottom cell in all-perovskite
tandems)

Band alignment strategies must
be recalibrated for wider or
complementary gaps

Energy level
alignment

Focus on aligning with transport
layers (ETL/HTL) for efficient
extraction

Requires staggered energy levels
between sub-cells and recombination
layers

Demands precision dipole tuning
and redened WF gradients

Optical constraints Moderate; focus is on
transparency of CTLs and
avoiding parasitic absorption

Critical; interlayers must be ultra-thin
and low-loss to prevent photon
ltering in the bottom cell

Promotes use of optically benign
interlayers like SAMs and
ultrathin doped contacts

Recombination
management

Primarily at perovskite/CTL
interfaces

Also occurs at recombination
junctions between sub-cells

Requires recombination layers
with balanced carrier mobility and
minimal barrier height

Processing
compatibility

Sequential solution or vacuum
processing, usually on at
substrates

Requires cross-compatible materials
for sequential top/bottom cell
stacking; may involve textured or
rough surfaces

Demands solvent orthogonality
and conformal coating techniques
(e.g., MVD or blade-coating of
SAMs)

Surface engineering Flat, uniform substrates (glass/
ITO/FTO)

Textured or rough interfaces
(e.g., c-Si pyramids or CIGSe)

Surface passivation layers must
ensure conformality and coverage
on non-planar surfaces

Stability
requirements

Moisture and thermal stability for
front-end device

Must withstand cumulative stresses
from multi-step processing and
operational heating

Interface layers must be
chemically and thermally robust

Device architecture
impact

Mostly independent of the stack
above or below

Interfacial properties affect both sub-
cells; e.g., shunt in the top cell
reduces current in the bottom cell

Interfaces must be optimized in
the context of interconnected
device physics
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engineering considerations in single-junction and tandem PSCs
(Table 1).
5. Molecular interface design in
tandem PSCs
5.1. From surface passivation to electrostatic control:
a comparison of SAMs and dipole-tailored interlayers

In the realm of interface engineering, both SAMs and dipole-
tailored interlayers are widely used to modulate surface prop-
erties and interfacial energetics in electronic and optoelectronic
devices. Despite their common application in adjusting inter-
face characteristics, SAMs and dipole-tailored interlayers differ
fundamentally in their formation, functionality, and impact on
device performance. This section will compare and contrast
SAMs and dipole-tailored interlayers in terms of their forma-
tion, structural characteristics, functional roles, molecular
design, and impact on interface engineering. SAMs are formed
by the spontaneous adsorption of molecules onto a substrate,
typically driven by favorable chemical interactions such as
covalent bonding (in the case of thiols on gold or silanes on
silicon) or weaker van der Waals and hydrogen bonding forces.
The process of self-assembly results in a well-ordered, densely
packed monolayer where the molecules align themselves in
a specic orientation based on the functional groups present
and the substrate's surface chemistry.155 This organized
50 | EES Sol., 2026, 2, 28–87
structure oen ensures uniformity across large areas, making
SAMs suitable for applications requiring surface passivation
and chemical modication. SAMs typically form a monolayer
that is either vertically or laterally aligned, depending on the
molecular structure of the adsorbate. While SAMs can exhibit
dipolar effects, their primary role is oen in providing surface
stabilization and altering surface reactivity, rather than directly
inuencing the electrostatic properties of the underlying
substrate in a considerable way.

Dipole-tailored interlayers, on the other hand, encompass
a broader range of materials, including polymers, small mole-
cules, or hybrid systems, that are specically designed to
introduce dipoles at the interface. These interlayers may not
always form through spontaneous self-assembly but are typi-
cally deposited using solution processing, vapor deposition, or
other lm-forming techniques. Unlike SAMs, which are
primarily focused on chemical modication and passivation,
dipole-tailored interlayers are designed with the explicit intent
of modifying the electrostatic potential at the interface through
the alignment and interaction of molecular dipoles.156 The
dipole density, orientation, and molecular packing within these
interlayers can be tuned, offering greater exibility in opti-
mizing the interfacial electrostatic environment. These inter-
layers are oen more exible in terms of their structural
organization, as they are not as constrained by self-assembly
processes. This exibility allows for the creation of interlayers
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with specic dipolar characteristics that directly inuence the
interface's electrical and optical properties. The primary func-
tion of SAMs is to modify surface properties such as wettability,
chemical reactivity, and adhesion. They are oen used for
surface passivation, where they reduce surface defects, protect
against contamination, and provide a stable, uniform interface
that boosts both functional performance and long-term
stability. SAMs are particularly useful in applications
requiring precise control over surface chemistry, such as in
sensors, biosensors, and electronic devices where surface
reactivity plays a critical role. While SAMs can introduce dipoles
at the interface, their contribution to the electrostatic modula-
tion of the interface is oen secondary. Their inuence on
electronic properties, such as energy alignment or charge
injection, is usually modest unless specically designed to
target these effects.157

In contrast, dipole-tailored interlayers are designed with the
explicit goal of modulating the electrostatic environment at the
interface. These interlayers can markedly impact the energy
level alignment between the substrate and the active material,
which is crucial for optimizing charge injection, transport, and
collection in devices like OSCs, PSCs, and organic light-emitting
diodes (OLEDs). By introducing an additional dipole moment at
the interface, these interlayers create an electrostatic potential
step that can shi the vacuum level, thereby controlling the
charge injection barriers and improving the overall perfor-
mance of the device.158 Additionally, dipole-tailored interlayers
can also be designed to enhance stability by passivating
Fig. 19 Schematic overview of SAMs and dipole-tailored interlayers for
integration and interfacial dipole formation of SAMs and dipole interlaye
ref. 159 and 160 Copyright 2022, American Chemical Society and und
alignment and interfacial dipole effects induced by SAMs and dipole inter
Reproduced with permission from ref. 161 and 162 Copyright 2018, Ame

© 2026 The Author(s). Published by the Royal Society of Chemistry
interface defects, preventing charge recombination, and pro-
tecting the underlying substrate. Thus, while SAMs are
primarily used for surface modication, dipole-tailored inter-
layers play a more direct role in controlling the electrostatic and
electronic properties of the interface, making them especially
valuable in the engineering of optoelectronic devices. Fig. 19
provides a comparative overview of the structural congura-
tions and dipole alignment schemes of SAMs and dipole-
tailored interlayers.

The design of SAMs is focused on achieving stable, well-
ordered monolayers with minimal disruption to the under-
lying substrate's properties. SAM molecules are typically func-
tionalized with specic groups (e.g., thiols, silanes, and
carboxylates) that enable them to bond with the substrate
surface. These functional groups are oen selected based on the
desired chemical interaction with the substrate, which could
range from strong covalent bonding (e.g., thiol–gold interac-
tions) to weaker physical interactions (e.g., van der Waals forces
or hydrogen bonding).163 The molecular design of SAMs is
typically simpler, as the goal is to create a stable, passivating
layer without considerably altering the electronic properties of
the surface. While the dipolar effect in SAMs is inherent in the
structure of the molecules, it is not always the primary focus of
the molecular design. The dipole moment can be oriented
perpendicular or parallel to the substrate, depending on the
specic functionalization of the SAM, but in many cases, its role
is secondary to surface passivation and chemical tuning.
interface engineering in PSCs. (a) and (b) Illustrations of the structural
rs at the (TCO)/perovskite interface; reproduced with permission from
er a Creative Commons CC BY 4.0 license. (c) and (d) Energy level
layers, enhancing charge extraction and minimizing energetic barriers.
rican Chemical Society and Copyright 2022 Elsevier Inc.
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The molecular design of dipole-tailored interlayers, however,
is explicitly focused on creating and controlling dipolar effects
at the interface. These interlayers are engineered to introduce
specic dipole moments that can align in a way that generates
a substantial electrostatic potential step. The molecules used in
these interlayers oen have functional groups that promote
dipole alignment (e.g., electron-withdrawing or electron-
donating groups) or facilitate the formation of a uniform,
ordered structure that maximizes the dipolar effect.164 The
design process for dipole-tailored interlayers is typically more
complex, as it requires careful consideration of factors such as
dipole strength, molecular packing density, and orientation
relative to the substrate. These interlayers are tailored to
maximize their impact on the interface's electrostatic environ-
ment, with the goal of enhancing charge injection, transport,
and overall device efficiency. Unlike SAMs, which rely on
molecular ordering and single-molecule dipole alignment,
dipole interlayers typically consist of thin lms ranging from
a few to several tens of nanometers comprising materials with
intrinsic or induced dipolar character. These interlayers do not
require long-range molecular order to be effective; rather, their
electrostatic inuence emerges from net polarization effects,
which may originate from permanent dipole moments of the
constituent molecules, asymmetric molecular orientation,
gradient doping proles, or charge separation across the lm.165

The electrostatic potential step (D) introduced by such
interlayers at the interface arises from the collective dipole
moment per unit area, determined from the product of dipole
density and the cosine of the average dipole tilt angle relative to
the substrate.166 In contrast to monolayers, here the dipole
density is not limited by steric constraints at the surface but can
be modulated through lm thickness, molecular concentration,
and processing conditions (e.g., annealing, solvent polarity, and
electric poling). The resulting interfacial electric eld can reach
magnitudes exceeding 108 V m−1 in the near eld, substantially
perturbing the local electronic structure and enabling precise
tuning of the vacuum level alignment, EA, and effective WF at
the interface.167
Table 2 Comparison between Self-Assembled Monolayers (SAMs) and d

Parameter Self-Assembled Monolayers (SA

Formation method Spontaneous self assembly via
physisorption

Typical thickness ∼1–3 nm (monolayer)
Structural order Highly ordered and densely pa
Primary function Surface passivation, chemical m

and adhesion tuning
Dipole control Limited, oen incidental
Electrostatic potential step (D) Typically # 0.3 eV
Molecular design Focused on surface anchoring

Dependence on substrate chemistry Strong (e.g., thiol–Au and silan

Effect on band bending/SBH Moderate, substrate-limited

Device applications Sensors, biosensors, organic T
molecular electronics

52 | EES Sol., 2026, 2, 28–87
Crucially, dipole interlayers can modulate semiconductor
surface band bending (BB) and Schottky barrier heights (SBHs)
without changing the contact metal itself. For instance, posi-
tively oriented interfacial dipoles can lower the effective WF of
the electrode or increase the EA of the semiconductor,
promoting ohmic contact formation and electron extraction.
Conversely, negative dipole orientation can enhance upward
band bending in n-type semiconductors, resulting in depletion
or even inversion regimes effectively mimicking p–n junction
behavior.168 These effects are quantitatively captured by the
interface behavior index (S), which reects the extent to which
the induced dipole controls the interfacial potential drop.
Notably, values of S approaching unity indicate near-ideal
control, with the SBH linearly tracking the induced potential
shi (c + D).169 While the far-eld impact of such interfacial
dipoles may be screened by the surrounding dielectric envi-
ronment, their local electrostatic inuence remains substantial
due to the conned geometry of the interlayer and the sharp
dielectric discontinuity at the interface. Moreover, dielectric
properties of the interlayer itself such as relative permittivity,
polarizability, and charge relaxation dynamics essentially
dictate the stability outcomes and magnitude of the induced
dipole.167 Careful tuning of molecular architecture (e.g., donor–
acceptor segments), dipole moment orientation, and lm
morphology thus becomes essential for optimizing interfacial
energetics. Importantly, the electrostatic modulation achieved
through such interlayers is chemically robust, compatible with
solution-based processing, and scalable rendering this strategy
particularly attractive for next-generation solar cells, light-
emitting diodes, and transistors where control over interface
energetics is pivotal (Table 2).
5.2. Interface engineering using SAMs in tandem perovskite
photovoltaics

This section explores the strategic role of SAMs in advancing
both perovskite/perovskite and perovskite/silicon tandem
architectures. Beginning with all-perovskite tandems where the
ipole tailored interlayers at a semiconductor interface

Ms) Dipole-tailored interlayers

chemisorption or Deposited via solution processing, spin-coating,
vacuum deposition, etc.
∼5–50 nm (thin lms)

cked Oen disordered or semi-ordered
odication, Electrostatic modulation, energy level

alignment, and defect passivation
Explicitly designed and tunable
Up to ∼1 eV or more

and passivation Tailored dipole strength, orientation, and
packing density

e–Si) Weaker; compatible with broader material
systems
Substantial modulation possible without
changing the electrode material

FTs, and Solar cells, OLEDs, photodetectors, and
transistors

© 2026 The Author(s). Published by the Royal Society of Chemistry
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challenge lies in harmonizing wide- and narrow-bandgap sub-
cells through tailored interfacial layers we then transition to
perovskite/silicon tandems, where SAMs are employed to
address complex hybrid interfaces between inorganic
substrates and solution-processed top cells. Together, these
case studies illustrate how molecular interface engineering is
integral to the attainment of robust and high-efficiency tandem
photovoltaics.

5.2.1 SAMs in all perovskite tandem solar cells. Wide-
bandgap subcells have frequently been identied as a key
contributor to VOC losses in a wide range of tandem PSCs re-
ported to date. Addressing this challenge, Thiesbrummel et al.
introduced an integrated three-pronged optimization approach
aimed at enhancing the efficiency of high-bandgap perovskites
centered on interface and material engineering at critical
junctions within the device stack.170 First, the conventional HTL
PTAA was replaced with the carbazole-based SAM 2PACz,
enabling better alignment of energy levels alongside decreased
recombination at the interface. Second, oleylamine was incor-
porated into the perovskite precursor solution to modulate
crystallization and passivate surface defects, resulting in
improved lm morphology and optoelectronic quality. Third,
Fig. 20 Comprehensive assessment of radiative efficiency and voltage l
substructures; (b) device schematic and J–V curves; (c) VOC vs. optimizati
against the literature. Reproduced from ref. 170 Copyright 2022, Wiley-V

© 2026 The Author(s). Published by the Royal Society of Chemistry
a lithium uoride (LiF) interlayer was inserted between the
perovskite and ETL to further suppress interface-induced non-
radiative losses. This combined strategy was applied to triple-
cation high-bandgap perovskite compositions with bandgaps
of 1.80, 1.85, and 1.88 eV, resulting in substantial reductions in
VOC losses as shown in Fig. 20. Notably, the 1.85 and 1.88 eV
compositions were especially well-matched with a 1.27 eV
narrow-bandgap bottom cell, offering near-optimal bandgap
complementarity for tandem integration.

Devices fabricated with these optimized absorbers demon-
strated impressive steady-state power conversion efficiencies of
23.4%, 23.7%, and 21.5% for the 1.80/1.27 eV, 1.85/1.27 eV, and
1.88/1.27 eV tandems, respectively. Additionally, replacing PTAA
with 2PACz reshaped the interfacial energetics by introducing
a well-dened molecular dipole at the perovskite/HTL junction,
lowering the hole-extraction barrier and shiing Fermi-level
alignment. This reduced non-radiative recombination, recov-
ering the photoluminescence quantum yield (PLQY) to near-
bulk levels, and increased VOC by z10 mV as is clear from the
gure. Lai et al. developed an integrated optimization strategy
for high-bandgap (∼1.77 eV) exible perovskite solar cells by
employing the carbazole-based SAM 2PACz as the HTL, which
oss in wide-bandgap perovskite solar cells. (a) PLQY for various device
on steps; (d) VOC statistics across bandgaps; (e) VOC/V

rad
OC benchmarking

CH GmbH.
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suppressed VOC losses through improved energy-level align-
ment and enabled uniform perovskite lm formation on ex-
ible substrates.171 Solvent engineering was used to optimize
PCBM morphology, while 2-thiopheneethylammonium chlo-
ride formed a 2D perovskite surface layer that reduced recom-
bination and enhanced charge extraction by aligning energy
Fig. 21 Flexible monolithic perovskite tandems enabled by nanocrystal-
perovskite layers bridged by MB-NiO nanocrystals. (b) Molecular structure
Layered architecture of the flexible tandem device. (d) Cross-sectiona
characteristics of the flexible tandem under forward and reverse scans.
output and PCE distribution. (h) Comparison of tandem PCE with reporte
under repeated bending cycles. (j) Large-area flexible tandem J–V perfor
device. Reproduced with permission from ref. 172 Copyright 2022, Sprin

54 | EES Sol., 2026, 2, 28–87
levels at the ETL interface. These combined modications
yielded a VOC of 1.29 V and a PCE of 15.1%, with a record-low
VOC decit (480 mV) for a ∼1.80 eV bandgap. By pairing with
a exible 1.24 eV narrow-bandgap cell, they developed the rst
proof-of-concept 4T all-perovskite exible TSC with a PCE of
22.6%, along with a 2T TSC achieving a PCE of 23.8%. As
bridged NiO interfaces. (a) Schematic device stack showing WBG/NBG
s of themixed phosphonic acid SAMs used for NiO surface bridging. (c)
l SEM confirming stacked perovskite absorber configuration. (e) J–V
(f) EQE spectra of the top and bottom sub-cells. (g) Stabilized power
d perovskite and hybrid tandem architectures. (i) Mechanical durability
mance. (k) Stabilized efficiency measurement of the flexible large-area
ger Nature Limited.

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

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00089k


Review EES Solar

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 4
:4

7:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a monolayer with a well-dened molecular dipole, 2PACz
tailored the interfacial electric eld, promoting more favorable
energy-level alignment between the perovskite valence band
and the HTL. This alignment reduced the hole-extraction
barrier, minimized energetic offsets, and suppressed charge
accumulation at the interface. Furthermore, the strong
anchoring of 2PACz to oxide substrates improved the structural
order at the contact, thereby reducing interfacial trap states that
typically facilitate non-radiative recombination.

In a recent advancement by Li et al., a new molecularly
engineered hole-selective interface was developed to overcome
limitations in charge extraction and interfacial recombination
in exible perovskite solar cells.172 This interface, termed
molecularly bridged NiO, was created by anchoring a mixture of
hole-selective molecules onto low-temperature-processed
nanocrystalline NiO lms, establishing a well-connected and
energetically favorable contact with the perovskite layer. The
researchers employed a 3 : 1 blend of 2PACz and MeO-2PACz
molecules previously shown to enhance hole selectivity and
reduce non-radiative losses to construct the molecular bridge.
Using this strategy, they fabricated exible all-perovskite TSCs
comprising a ∼1.75 eV FA0.8Cs0.2PbI1.95Br1.05 wide-bandgap
(WBG) top cell and a ∼1.22 eV FA0.7MA0.3Pb0.5Sn0.5I3 narrow-
bandgap (NBG) bottom cell. The devices featured an inverted
architecture (PET/ITO/MB-NiO/WBG perovskite/C60/ALD-SnO2/
Au/PEDOT:PSS/NBG perovskite/C60/BCP/Cu) as shown in
Fig. 21, enabling efficient charge transport and optical trans-
parency. This approach led to impressive power conversion
efficiencies of 24.7% (0.049 cm2) and 23.5% (1.05 cm2), while
also imparting exceptional mechanical resilience maintaining
performance aer 10 000 bending cycles with a 15 mm bending
radius.

Wang et al. developed a versatile SAM-based HTL that
matched the performance of widely used HTLs like PTAA and
PEDOT:PSS in WBG PSCs.173 The SAM was derived from (4-(10-
bromo-7H-benzo[c]carbazol-7-yl)butyl)phosphonic acid (BCBBr-
C4PA), incorporating an asymmetrical conjugated backbone
and bromine substitution to enhance molecular solubility and
increase dipole moment. This molecular design led to a lower
HOMO energy level and negligible light absorption, facilitating
efficient hole extraction while minimizing interfacial non-
radiative recombination. Devices employing BCBBr-C4PA ach-
ieved a peak PCE of 18.63%, maintaining over 90% of their
initial efficiency aer 250 hours of continuous operation.
Furthermore, by pairing the optimized WBG cell with a narrow-
bandgap perovskite bottom cell, the resulting 4T all-perovskite
TSC reached an impressive PCE of 26.24%, underscoring the
potential of SAM-based HTLs in high-efficiency tandem archi-
tectures. The rapid efficiency gains in small-area (<0.1 cm2)
series-connected TSCs have largely stemmed from advance-
ments in NBG perovskite subcells (∼1.25 eV). However, scaling
up remains challenging, particularly for WBG top subcells
(>1.75 eV) in large-area (>1 cm2) devices. To address this, He
et al. introduced a SAM of 4-(7H-dibenzo[c,g]carbazol-7-yl)butyl
phosphonic acid (4PADCB) as an HTL tailored for WBG perov-
skite solar cells.174 This SAM enabled the uniform growth of
high-quality 1.77 eV perovskite lms while suppressing
© 2026 The Author(s). Published by the Royal Society of Chemistry
interface-related non-radiative recombination and enhancing
hole extraction. The resulting devices exhibited a high VOC of
1.31 V, corresponding to a low VOC decit of just 0.46 V as
illustrated in Fig. 22. By incorporating these optimized WBG
subcells into a monolithic all-perovskite tandem architecture
(total aperture area: 1.044 cm2), the team achieved a certied
PCE of 27.01%, with an impressive VOC of 2.12 V and a ll factor
(FF) of 82.6%.

In a recent study, Jiang et al. highlighted the critical role of
SAMs in enabling high-performance TSCs, particularly when
combined with a gas-quenching method optimized for
bromine-rich perovskite compositions.175 The WBG perovskite
absorber (1.75 eV) was deposited on an ITO substrate modied
with a mixed SAM of MeO-2PACz and Me-4PACz, which played
a vital role in aligning interfacial energy levels, suppressing
non-radiative recombination, and ensuring efficient hole
extraction. The complete tandem device-comprising a glass/
ITO/SAM/WBG perovskite/LiF/C60/SnOx/Au/PEDOT:PSS/
NBGperovskite/C60/BCP/Ag stack-integrated this optimized
WBG sub-cell with a 1.25 eV Sn–Pb narrow-bandgap absorber,
achieving a remarkable PCE of 27.1% and a high open-circuit
voltage of 2.2 V. The SAM-enabled interface engineering was
instrumental in facilitating efficient charge transport and
maintaining device stability.

Chen et al. addressed the persistent issue of high VOC decits
in wide-bandgap (WBG >1.7 eV) PSCs, which typically suffer
from greater non-radiative losses compared to lower bandgap
counterparts (∼1.5 eV).176 Quasi-Fermi level splitting (QFLS)
analyses revealed that these losses were largely driven by
interfacial recombination at the ETL, exacerbated by non-
uniform surface potentials and poor energy level alignment.
To mitigate these losses, the authors introduced 1,3-
propanediammonium iodide (PDA) as a surface passivation
layer, improving the perovskite's surface uniformity and
reducing trap-assisted recombination. Crucially, this strategy
was integrated with a device architecture that included a SAM of
Me-4PACz on NiOx, which functioned as a hole-selective
contact. The SAM not only provided favorable energy level
alignment but also minimized interfacial losses at the hole
transport interface further enhancing carrier extraction in the
WBG sub-cell. With PDA and the SAM combined, the WBG PSC
(1.79 eV) achieved a QFLS improvement of 90 meV, a certied
VOC of 1.33 V, and a PCE over 19%. Integration into amonolithic
all-perovskite TSC yielded an impressive VOC of 2.19 V and
a certied steady-state PCE of 26.3%, with devices maintaining
over 86% of their initial performance aer 500 hours under-
scoring the synergistic benets of SAM-assisted interface engi-
neering for efficient and stable TSCs as illustrated in Fig. 23.

5.2.2 SAMs in perovskite–silicon tandem solar cells. Self-
assembled monolayers (SAMs), owing to their covalent attach-
ment to substrate surfaces, offer robust interfacial stability and
excellent conformal coverage, even on textured silicon, a key
requirement for monolithic perovskite–silicon TSCs. Capital-
izing on these advantages, Ou et al. developed a dual-interface
engineering strategy to improve both the quality and stability
of MA-free WBG perovskite absorbers.177 They employed
a mixed SAM composed of 2PACz and MeO-2PACz as a hole-
EES Sol., 2026, 2, 28–87 | 55
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Fig. 22 Comparison of PTAA and phosphonic acid-based SAMs as hole-selective contact layers in all-perovskite tandems. (a–d) PTAA:molecular
structure, molecular configuration, electrostatic potential map, and schematic interface arrangement on ITO/perovskite. (e–h) 4PACz:
molecular structure, molecular configuration, electrostatic potential map, and interface arrangement. (i–l) 4PADCB: molecular structure,
molecular configuration, electrostatic potential map, and interface arrangement. (m) Cross-sectional SEM of the tandem device stack incor-
porating the SAM-modified hole contact. (n) J–V characteristics of tandem devices using PTAA, 4PACz, and 4PADCB hole contacts. (o) Stabilized
efficiency measurement of the optimized tandem device. Reproduced with permission from ref. 174 Copyright 2023, Springer Nature Limited.
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selective layer to reduce charge transport barriers and facilitate
the growth of large-grained perovskite lms. Simultaneously,
they passivated surface defects using 4-triuoromethylphenyl
iodide ammonium to suppress recombination losses. This
synergistic modication led to notable improvements in VOC
and PCE. Devices with opaque and transparent contacts ach-
ieved PCEs of 20.11% and 17.80%, respectively, with the opaque
device retaining over 85% of its original performance aer 1750
hours of storage in an inert environment. Leveraging the opti-
mized WBG sub-cell, a 4-T perovskite–silicon TSC was
56 | EES Sol., 2026, 2, 28–87
assembled, reaching a high efficiency of 26.59%. These results
underscore the critical role of SAMs in enhancing charge
extraction, lm morphology, and operational stability in
advanced TSC architectures.

Isikgor et al. demonstrated a synergistic strategy combining
chemical passivation and SAM-based interface engineering in
TSCs.178 They employed phenformin hydrochloride (PhenHCl),
a multifunctional molecule with both electron-rich and
electron-decient moieties, to effectively suppress interfacial
and bulk defects, reduce ion migration, and prevent light-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 All-perovskite tandem solar cells incorporating 1,3-propanediammonium iodide (PDA) surface passivation layer and Me-4PACz SAM
modified NiOx HTL. (a) Schematic of the monolithic tandem device architecture. (b) Cross-sectional SEM confirming the stacked WBG/NBG
perovskite configuration. (c) EQE spectra of the top and bottom sub-cells with integrated current densities. (d) J–V characteristics of the
individual sub-cells and the monolithic tandem. (e) Stabilized power output of the tandem device under MPP tracking. (f) Operational stability
under continuous illumination for both tandem and single-junction reference cells. Reproduced with permission from ref. 176 Copyright 2022,
Springer Nature Limited.
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induced phase segregation in WBG (z1.68 eV) perovskite
absorbers. This passivation led to a substantial VOC improve-
ment (∼100 mV) and a PCE of 20.5% in standalone p–i–n
perovskite devices. To further optimize charge extraction and
minimize interfacial recombination, 2PACz was introduced as
a hole-selective contact. The SAM provided strong covalent
anchoring to the ITO substrate and favorable energy level
alignment with the perovskite layer, enabling efficient hole
transport and enhanced device stability, as is evident from
Fig. 24.

The combined application of PhenHCl passivation and
2PACz SAM substantially boosted the efficiency of monolithic
perovskite–Si tandem solar cells, elevating the PCE from 25.4%
© 2026 The Author(s). Published by the Royal Society of Chemistry
to 27.4%, alongside improved thermal robustness, as devices
maintained VOC even aer 3000 hours at 85 °C in a N2

atmosphere.
Zheng et al. demonstrated that integrating 2PACz on NiOx

markedly improved the interface quality in inverted perovskite–
Si tandem solar cells using tungsten-doped indium oxide elec-
trodes as illustrated in Fig. 25.179 The SAM served as a crucial
interfacial layer, enhancing energy level alignment and sup-
pressing recombination losses at the NiOx/perovskite junction.
Through a combined NiOx/SAM hole transport strategy, they
achieved superior performance compared to using either
material alone. Additionally, the incorporation of PCBM as
a light-management layer addressed both scattering-related
EES Sol., 2026, 2, 28–87 | 57
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Fig. 24 Phenformin$HCl-assisted grain-boundary and surface passivation in perovskite/silicon tandem solar cells. (a) Schematic illustration of
grain-boundary and top-surface passivation enabled by Phenformin$HCl. (b) Conceptual depiction of universal defect passivation across Pb-
rich, Pb-deficient, and I-deficient surfaces. (c) Cross-sectional device architecture and SEM image of the textured c-Si/perovskite tandem
interface. (d) Statistical comparison of device parameters for control and Phenformin$HCl-treated tandems. (e) J–V characteristics of treated and
control tandem devices. (f) EQE spectra of the perovskite top and silicon bottom sub-cells with integrated current densities. (g) Operational
stability under continuous MPP tracking. Reproduced with permission from ref. 178 Copyright 2021 Elsevier Inc.
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reection losses and parasitic absorption, thereby optimizing
optical energy transfer to the underlying silicon cell. This
synergistic interface and optical engineering enabled the pero/
Si tandem device to reach an impressive PCE of 27.6%.
58 | EES Sol., 2026, 2, 28–87
Ying et al. demonstrated high-efficiency monolithic
perovskite/silicon TSCs incorporating a tunnel oxide passivated
contact (TOPCon) structure with nanostructured black silicon
(b-Si) as the bottom cell.180 A key innovation in the device
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 Interface engineering and photon management in inverted perovskite subcell based TSCs employing IWO transparent electrodes and
SAM-modified NiOx hole transport layers. (a) Device architecture illustrating SAM functionalization on NiOx/IWO hole-selective contacts in
perovskite cells. (b) Conceptual integration of SAM-modified perovskite modules with bifacial Si modules in a tandem power station layout. (c)
Energy level alignment diagrams comparing interfacial band structure and carrier transfer pathways before and after SAM modification.
Reproduced with permission from ref. 179, Copyright 2022, Royal Society of Chemistry.
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architecture was the application of a carbazole-based MeO-
2PACz SAM at the indium zinc oxide/perovskite interface. This
SAM acted as a highly effective hole-selective layer, contributing
to improved interfacial energetics, reduced carrier
Fig. 26 Comparison of PTAA, 2PACz, and Ph-2PACz hole-selective laye
the monolithic perovskite/silicon tandem solar cell architecture incorpor
2PACz, and Ph-2PACz. (c) Electrostatic potential maps highlighting the
teristics and thermal cycling stability of tandem devices based on differen
and perovskite layers. (f) Normalized absorption spectra of the correspon
Elsevier Inc.

© 2026 The Author(s). Published by the Royal Society of Chemistry
recombination, and enhanced overall device performance. The
integration of these strategies resulted in a TSC achieving
a notable PCE of 28.5%. Mishima's study focused on enhancing
the performance of inverted perovskite–silicon TSCs through
rs in perovskite/silicon tandem solar cells: (a) schematic illustration of
ating 2PACz and Ph-2PACz as HTLs. (b) Molecular structures of PTAA,
charge distribution of the respective HTL molecules. (d) J–V charac-
t HTLs. (e) Energy level alignment diagrams of PTAA, 2PACz, Ph-2PACz,
ding HTLs. Reproduced with permission from ref. 182, Copyright 2022,
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strategic engineering of the hole-selective contact using a blend
of two carbazole-based SAMs: MeO-2PACz and 2PACz.181 MeO-
2PACz, while commonly used, was found to leave certain
regions of the ITO substrate insufficiently covered, leading to
suboptimal passivation. To address this, 2PACz known for its
superior passivation capability and structural compatibility was
introduced as a co-SAM. By blending the two molecules, the
researchers achieved a more complete and uniform surface
coverage, compensating for the uncovered areas le by MeO-
2PACz alone. Advanced characterization techniques such as
XPS, cyclic voltammetry, and impedance spectroscopy
conrmed the improved interfacial properties of the blended
SAM system. This optimized SAM interface considerably
reduced interfacial recombination losses, enhanced charge
extraction, and contributed to better energy alignment at the
ITO/perovskite interface. As a result, the tandem solar cell
incorporating the mixed SAMs achieved an impressive power
conversion efficiency of 28.8%, underscoring the critical role of
tailored SAM formulations in advancing tandem device
performance.

Building on the foundational design of (2-(3,6-diphenyl-9H-
carbazol-9-yl)ethyl)phosphonic acid (Ph-2PACz), Wang et al.
developed an advanced carbazole-based SAM with an extended
conjugated system incorporating two phenyl rings.182 This
structural enhancement was specically engineered to improve
interfacial alignment and performance in high-bandgap PSCs,
particularly those intended for tandem architectures using
multiple-cation perovskites. The modied SAM exhibited
a better-aligned HOMO level with the perovskite VBM, mini-
mizing energetic mismatches and improving hole extraction
efficiency as shown in Fig. 26.

In addition to favorable energy level alignment, the SAM
demonstrated enhanced surface wettability, which facilitated
high-quality perovskite lm formation and reduced interfacial
defects. These combined effects led to an optimized perovskite/
HTL interface and faster charge extraction. In device applica-
tions, the Ph-2PACz SAM enabled a p–i–n single-junction PSC
(1.67 eV bandgap) to reach a PCE of 21.3% with a high VOC of
1.26 V and FF of 82.6%. When integrated into monolithic
perovskite/silicon tandem cells, the improved interface quality
contributed to a PCE of 28.9% and a VOC of 1.91 V. Moreover, the
encapsulated tandem devices displayed excellent operational
stability, maintaining performance under prolonged illumina-
tion (680 hours) and elevated humidity and temperature
conditions (85 °C for 280 hours), emphasizing the reliability
and practical potential of the enhanced SAM strategy for
tandem photovoltaics. Albrecht and Tan et al.183 both reported
notable advancements in monolithic and 4T perovskite–silicon
TSCs, with a shared emphasis on interface engineering using
SAMs to enhance device performance and stability. In
Albrecht's study, the integration of Me-4PACz SAM as a hole-
selective contact in WBG (1.68 eV) perovskite top cells played
a critical role in achieving a certied PCE of 29.15%.44 The SAM
enabled rapid hole extraction and substantially reduced non-
radiative recombination at the perovskite/HTL interface, key
factors contributing to a high VOC = 1.92 V and an exceptional
FF = 84% in the tandem conguration as depicted in Fig. 27.
60 | EES Sol., 2026, 2, 28–87
These performance enhancements were supported by a low
ideality factor of 1.26, indicative of suppressed trap-assisted
recombination. Notably, the TSC maintained 95% of its orig-
inal efficiency aer 300 hours of exposure to ambient air,
despite the absence of encapsulation, underscoring the stabi-
lizing role of the SAM-modied interface.

Tan et al. introduced a complementary approach named
Grain Regeneration and Bilateral Passivation (GRBP) to address
recombination at both grain boundaries and perovskite/contact
interfaces.183 This method involved post-treatment with MASCN
to regenerate the grain structure and PEAI to inltrate and
passivate buried interfaces. The perovskite top cells were
fabricated using MeO-2PACz, another carbazole-based SAM, as
the HTL. This layer enhanced interfacial alignment and sup-
ported efficient charge extraction. Devices treated with GRBP
achieved PCEs of 21.9% (opaque) and 19.9% (semi-transparent)
and retained high stability under 500 hours of continuous
illumination. Importantly, when the optimized perovskite top
cells were integrated into 4T tandem congurations, they ach-
ieved record-breaking efficiencies of 29.8% (0.09 cm2) and
28.5% (1 cm2). The use of MeO-2PACz contributed to improved
interfacial energetics and wettability, leading to high-quality
lm formation and efficient hole collection.

In their work, Chin et al. demonstrated a dual-passivation
strategy to minimize voltage losses at both the HTL and ETL
interfaces.184 Me-4PACz was employed as the HTL modier,
which due to its strong anchoring on indium tin oxide (ITO) and
favorable energy-level alignment effectively suppressed non-
radiative recombination at the perovskite/HTL interface,
thereby improving VOC. To address interface defects on the ETL
side, 2,3,4,5,6-pentauorobenzenephosphonic acid (FBPAc) was
added into the perovskite precursor. FBPAc, a small molecule
with a strong electron-withdrawing uorinated phenyl group,
was found to passivate surface defects during crystal growth,
particularly at the perovskite/C60 interface. This dual-side
treatment led to an improved lm microstructure and
reduced interfacial trap density. Additionally, by conformally
coating the perovskite layer onto micron-sized silicon pyramids,
the optical path was enhanced, boosting photocurrent. These
synergistic interfacial optimizations resulted in a certied PCE
of 31.25% (active area: 1.17 cm2), establishing a new benchmark
in tandem device performance.

Mariotti et al., in a separate study, emphasized a multilay-
ered strategy for recombination loss mitigation and charge
extraction improvement.185 They incorporated Me-4PACz as the
HTL to ensure efficient hole extraction and stable perovskite/
HTL contact as illustrated in Fig. 28. This SAM not only
provided optimal energy-level alignment with the perovskite VB
but also improved surface wettability, ensuring high-quality
lm deposition. Additionally, pyridine iodide was used to
modify the triple-halide perovskite absorber, ne-tuning the CB
alignment at the ETL interface and reducing non-radiative
recombination at the electron-selective contact. The fabrica-
tion process was further enhanced by additive engineering to
promote better lm morphology. Together, these enhance-
ments yielded an exceptionally high VOC of 2.00 V and a certied
PCE of 32.5%, one of the highest reported for monolithic TSCs.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 27 Device architecture, cross-sectional morphology, photovoltaic performance, and stability of perovskite/silicon tandem solar cells
incorporating Me-4PACz and 2PACz SAM-modified HTLs with and without LiF interlayers. (A) Schematic device structure, (B) cross-sectional
SEM image, (C) PCE statistics, (D) J–V characteristics, (E) EQE spectra, and (F) operational stability under continuous illumination. Reproduced
with permission from ref. 44, Copyright 2020, The American Association for the Advancement of Science.
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While other perovskite–silicon TSCs have achieved higher effi-
ciencies, such as JinkoSolar's 33.84% and Longi's 34.6%, these
records do not specify the use of SAMs in their device
© 2026 The Author(s). Published by the Royal Society of Chemistry
architectures.186,187 Therefore, the 32.5% efficiency reported by
Mariotti et al. currently stands as the highest for TSCs explicitly
incorporating SAM modication.
EES Sol., 2026, 2, 28–87 | 61
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Fig. 28 Interfacial dipole modification of the 3Hal perovskite/C60 contact for improved charge extraction. (a) J–V characteristics comparing
3Hal-based devices on quartz and ITO/2PACz with LiF or PI interlayers, with and without C60. (b) Schematic energy level diagrams showing
dipole-induced shifts at the 3Hal/PI interface and resulting band alignment changes across C60 thicknesses. (c) Internal photoemission yield
spectra (IPEY) for devices with varying C60 thickness (0–3 nm), indicating changes in interfacial valence band position and defect-associated
states. (d) Device architecture of the monolithic perovskite/Si tandem incorporating SAM and interfacial dipole layers. (e) J–V curve and certified
PCE of the optimized tandem device. Reproduced with permission from ref. 185, Copyright 2023, The American Association for the
Advancement of Science.
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From the same group, Harter et al. demonstrated certied
PCE exceeding 30% in monolithic perovskite/silicon TSCs
fabricated on submicron-textured, industry-standard silicon
bottom cells.188 A key enabler of this performance milestone was
the strategic incorporation of a multifunctional SAM derived
from Me-4PACz, with an additional phosphonic acid (PA) with
different functional groups as illustrated in Fig. 29. Utilizing
62 | EES Sol., 2026, 2, 28–87
this SAM-based HTL led to markedly improved perovskite lm
morphology by enhancing surface wettability, reducing para-
sitic shunting, and mitigating interfacial non-radiative recom-
bination losses.

Characterization via transient surface photovoltage and
transient photoluminescence revealed that the combined Me-
4PACz/phosphonic acid (PA) interface retained efficient charge
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 29 (a) Molecular structures of SAMs (Me-4PACz and PAA), (b) device architecture with submicron-textured silicon, (c) contact angle
measurement on textured and polished silicon (d) photovoltaic performance of perovskite/Si tandem solar cells and (e) EQE measurements of
champion device. Reproduced from ref. 188, under a Creative Commons CC BY 4.0 license. Copyright 2024 American Chemical Society.
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transport characteristics similar to pristine Me-4PACz. These
interface optimizations enabled the device to deliver a high JSC
of 40.2 mA cm−2, achieve an FF above 82%, and attain VOC near
the radiative efficiency limit—collectively resulting in a stabi-
lized PCE exceeding 30%. Compared to earlier SAM-based
interface engineering approaches many of which were limited
to planar substrates or yielded modest improvements in device
metrics the use of Me-4PACz on textured silicon surfaces
represents a substantial advancement, demonstrating that
judicious molecular design and interfacial tailoring can
simultaneously optimize charge selectivity, lm formation, and
energetics in complex tandem architectures. Kore et al. took this
forward by presenting a strategically distinct interface engi-
neering approach that enabled the successful integration of
thermally evaporated HTLs onto fully textured silicon bottom
© 2026 The Author(s). Published by the Royal Society of Chemistry
cells, a notoriously challenging conguration due to surface
roughness and interfacial discontinuities.189 Central to this
advancement was the use of a MeO-2PACz SAM on ITO, which
acted as a multifunctional interfacial modier. Unlike prior
studies that largely relied on solution-processed HTLs (e.g.,
PTAA or spin-coated MeO-2PACz layers), this study pioneered
a vacuum-compatible route using TaTm as the evaporated HTL
as shown in Fig. 30. The SAM ensured favorable energy level
alignment, suppression of interfacial recombination, and
enhanced wetting and growth morphology of the evaporated
layer – the challenges that conventional methods oen failed to
address effectively on textured substrates. This tailored SAM–

HTL interface led to tandem devices with reduced voltage losses
and a remarkably high FF, achieving a certied PCE of 29.2%
EES Sol., 2026, 2, 28–87 | 63
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Fig. 30 Energy level alignment, device architecture, and photovoltaic performance of perovskite solar cells with varying TaTm interlayer
thicknesses. (a and b) Energy level diagrams of different HTLs and TaTmwith varying thicknesses. (c) Ratio of IOC/VOC for devices with different
TaTm thicknesses. (d) Schematic illustration of quasi-Fermi level splitting and VOC for thin (5 nm) and thick (20 nm) TaTm layers. (e) Schematic
cross-section of the tandem device architecture. (f) Photovoltaic parameters as a function of TaTm thickness. (g) Current density–voltage
characteristics. (h) Normalized EQE spectra for devices with different TaTm thicknesses. Reproduced from ref. 189, under a Creative Commons
3.0 Licence. Copyright 2025, Royal Society of Chemistry.
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Fig. 31 Thermal processing effects on SAM packing, interfacial energetics, and tandem device performance. (a) Schematic illustration of SAM
anchoring, packing, and tilt configurations on metal-oxide surfaces. (b) Layered device architecture of the monolithic perovskite/silicon tandem
stack incorporating a 2PACz-based HTL. (c) Work-function tuning and interfacial energy alignment of 2PACz on ITO as a function of annealing
temperature. (d) Top- and cross-sectional SEM images of perovskite films deposited on 2PACz-treated substrates under different thermal
treatments. (e) Cross-sectional SEM of the complete textured c-Si/perovskite tandem device with the 2PACz interface layer. (f) J–V charac-
teristics of tandem devices fabricated at 100 °C, 125 °C, and 150 °C, with corresponding performancemetrics. Reproduced with permission from
ref. 191 and 192 Copyright 2020, American Chemical Society, Copyright 2025 Wiley-VCH GmbH.
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among the highest reported for monolithic tandems employing
evaporated layers.

Importantly, the work demonstrated that the performance of
vacuum-deposited interfaces can match or surpass the
© 2026 The Author(s). Published by the Royal Society of Chemistry
performance of solution-processed counterparts when guided
by precise molecular interface design. It also opened the door
for scalable, industry-compatible tandem fabrication strategies
that are less constrained by the processing limitations of spin-
EES Sol., 2026, 2, 28–87 | 65
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coated HTLs. In this context, the SAM is not merely a passive
dipole modier but a key enabler of structural and electronic
coherence across rough, multi-material junctions offering
a new paradigm for hybrid interface engineering in next-
generation tandem photovoltaics. On a slightly different
approach, Zhang et al. demonstrated an effective buried-
interface SAM in an n–i–p tandem architecture, which
remained a relatively underexplored and technically chal-
lenging domain due to wetting, deposition, and interfacial
contact issues.190 The authors effectively incorporated a SAM of
fullerene (C60), featuring a large monovalent organic cation, at
the interface. This SAM considerably enhanced the surface
conductivity of the NbOx ETL, mitigating interface recombina-
tion and reducing the energetic mismatch with the perovskite
layer. Unlike traditional methods that primarily focussed on
bulk material modications or simple surface passivation, the
fullerene SAM in this study improved both electronic properties
and morphology, resulting in enhanced electron extraction and
reduced device hysteresis. The TSCs achieved a remarkable
efficiency of 27% (over 1 cm2) with a VOC of 1.9 V, demonstrating
substantial performance gains compared to other state-of-the-
art perovskite/silicon tandem devices.

In the most recent advancement in the area, Er-Raji et al.
unveiled a sophisticated interface engineering strategy,
centered on the modulation of SAMs to enhance the perfor-
mance and reproducibility of monolithic perovskite/silicon
TSCs.191 The study meticulously examined the formation
dynamics and interfacial impact of MeO-2PACz as a hole-
selective contact. Crucially, the authors demonstrated that the
molecular assembly and consequently the interfacial energetics
are highly sensitive to the SAM deposition conditions, such as
solution concentration, solvent polarity, and immersion time as
is evident from Fig. 31.

Poorly optimized deposition results in inhomogeneous
coverage and dipolar disorder, which in turn compromise
energy level alignment and perovskite lm formation. To over-
come this, the authors introduced a bilayer assembly protocol,
where a sub-monolayer of PACz, possessing a shorter molecular
backbone, was rst adsorbed onto a silicon oxide substrate.
This prestructuring primes the surface, enabling a more
ordered and densely packed MeO-2PACz overlayer. Spectro-
scopic ellipsometry, contact angle measurements, and ultravi-
olet photoelectron spectroscopy (UPS) collectively conrm
improved molecular orientation and increased SAM dipole
density, leading to better-dened energy level alignment with
the perovskite absorber. From a device standpoint, this
improved SAM interface translated to notable enhancements:
the TSCs exhibited a reduction in interfacial non-radiative
recombination losses, higher VOC, and greater operational
stability. Importantly, the bilayer SAM treatment addressed
a persistent challenge in hybrid TSC batch-to-batch variability
by decoupling the effects of solvent-induced disorder and
adsorption kinetics. This work exemplied howmolecular-scale
engineering of contact interfaces via SAMs can be leveraged not
only to optimize energetics but also to enforce reproducibility,
a critical requirement for the commercialization of perovskite-
based tandem photovoltaics. Compared to conventional SAM
66 | EES Sol., 2026, 2, 28–87
strategies employed in PSCs, this approach stands out for its
specic focus on controlling the self-assembly process itself,
rather than merely selecting a SAM with a favorable head group
or dipole orientation. Most existing studies utilize SAMs like
MeO-2PACz or PTAA in single-step deposition protocols, where
the emphasis is oen placed on the molecular design e.g.,
introducing electron-donating or -withdrawing substituents to
tune the WF alignment with the perovskite absorber. While
such strategies have yielded reasonable success, they oen
suffer from issues of interfacial disorder, poor reproducibility,
and limited control over molecular packing density – the factors
that critically inuence charge extraction and recombination
kinetics. While traditional methods emphasize molecular
design for energy level tuning, they oen suffer from inhomo-
geneous coverage and solvent-induced disorder. In contrast,
pre-functionalizing the substrate with a shorter PACz molecule
enabled more controlled adsorption of MeO-2PACz, leading to
denser packing, better dipolar alignment, and reduced inter-
facial trap states. Thus this hierarchical strategy decoupled
substrate and perovskite interface optimization, mitigating
non-radiative losses and improving device uniformity offering
a process-integrated pathway that goes beyond passive SAM
roles toward deterministic interface engineering in scalable
tandem photovoltaics.

5.2.3 Critical analysis of SAM molecules in perovskite solar
cells. A critical evaluation of commonly used SAM molecules
demonstrates that small structural modications, including
head-group chemistry, tail-group substitution, and molecular
length, can signicantly inuence device performance and
stability.

5.2.3.1 Energy-level alignment and dipole effects. The molec-
ular dipole of a SAM directly modulates the vacuum level at the
perovskite/SAM interface, affecting the built-in potential and
VOC. Methoxy-functionalized carbazole SAMs, such as MeO-
2PACz, induce a stronger upward dipole shi compared to
2PACz, improving hole extraction and VOC. The enhanced
dipole effect of MeO-2PACz relative to 2PACz originates from
the methoxy group (–OCH3), an electron-donating substituent
that increases electron density on the carbazole unit. When the
molecule self-assembles on the substrate, this redistribution of
charge strengthens the permanent dipole moment oriented
from the phosphonic acid anchor toward the carbazole moiety,
thereby producing a stronger upward vacuum-level shi.193 This
shi elevates the substrate WF, aligns it more favorably with the
perovskite valence band, and consequently facilitates more
efficient hole extraction and higher VOC. In contrast, 2PACz
provides a more modest interfacial dipole and hence moderate
energy-level alignment, but supports high intrinsic hole
mobility owing to efficient p-conjugation and dense molecular
packing, ensuring low energetic disorder at the interface.
Extending the alkyl tether, as in 4PACz, reduces packing density
and introduces minor local variations in vacuum-level align-
ment. However, this increased molecular exibility can facili-
tate improved lm morphology and defect passivation during
perovskite growth, offering a practical balance between ener-
getic uniformity and large-area process compatibility.194 On the
other hand, novel carbazole derivatives, including BCBBr-C4PA
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and 4PADCB, introduce extended p-conjugation or brominated
substituents that further tune interfacial dipoles. BCBBr-C4PA,
with a brominated benzo[c]carbazole core, increases interfacial
dipole magnitude and improves energy-level alignment, while
4PADCB, featuring a planar dibenzo[c,g]carbazole core, offers
strongp–p interactions andmoderate dipole effects suitable for
efficient hole extraction. BCBBr-C4PA leverages the electron-
withdrawing effect of bromine on a benzo[c]carbazole core to
strengthen the interfacial dipole moment, producing
a pronounced upward vacuum-level shi and improved energy-
level alignment for hole extraction, while simultaneously
enhancing passivation through halogen-induced stabilization.
In contrast, 4PADCB, with its planar dibenzo[c,g]carbazole core,
promotes strong p–p stacking, dense monolayer formation,
and excellent trap passivation. Although its intrinsic dipole
strength is more moderate, this balanced electronic and struc-
tural behavior ensures efficient hole extraction, robust perov-
skite crystallization, and outstanding interfacial stability.195

5.2.3.2 Interfacial trap passivation. The functional head
group chemistry determines the ability of SAMs to bind
undercoordinated Pb2+ or halide ions at the perovskite surface.
Phosphonic acid-based SAMs (2PACz, MeO-2PACz, 4PACz,
BCBBr-C4PA, and 4PADCB) exhibit strong chemisorption to the
oxide/hybrid perovskite surface via tridentate, bidentate, or
hydrogen-bond-assisted coordination. This robust binding
reduces the density of surface trap states, in turn lowering trap-
assisted recombination, increasing the QFLS and directly
improving the VOC and non-radiative loss factor (DVnr). Beyond
anchoring strength, the p-conjugated cores of SAM molecules
mediate additional passivation through electronic interactions
with the perovskite frontier orbitals (predominantly Pb 6p and
halide np states near the valence/conduction band edges).196 For
instance, 4PADCB, with its dibenzo[c,g]carbazole planar
extended p-system, exhibits strong p–p stacking and enhanced
orbital overlap with the Pb-halide surface. This delocalization
provides two synergistic effects: (i) better charge delocalization
across the interface, lowering interfacial resistance and
improving hole transfer, and (ii) stabilization of shallow surface
states, which suppresses recombination via defect-assisted
channels. The planarization also enhances molecular
ordering, reducing energetic disorder, which benets charge
transport uniformity. BCBBr-C4PA, in contrast, introduces
a bromine substituent on the benzo[c]carbazole core. The
bromine atom is highly polarizable and electron-withdrawing,
which increases the interfacial dipole moment (Dm) via induc-
tive and resonance effects. This results in a more pronounced
vacuum-level shi (DEvac) at the interface, ne-tuning the
alignment between the perovskite VBM and the SAM HOMO
level. Simultaneously, the bromine substituent enhances elec-
trostatic passivation of undercoordinated Pb2+ by partial
halogen–metal interactions, effectively mimicking halide
compensation. This dual mechanism (dipole tuning + orbital
overlap) yields stronger suppression of surface recombination
velocities. In comparison, simpler carbazole-based SAMs
(2PACz, 4PACz, and MeO-2PACz) primarily rely on phosphonic
anchoring and carbazole p-interactions for passivation. While
they effectively reduce trap density, their dipole magnitude and
© 2026 The Author(s). Published by the Royal Society of Chemistry
orbital overlap effects are comparatively moderate. Notably,
MeO-2PACz benets from electron-donating methoxy substitu-
tion, which increases the electron density on the carbazole ring,
strengthening p-donor interactions with Pb orbitals, thereby
enhancing passivation relative to unsubstituted 2PACz. Overall,
the hierarchy of passivation efficacy stems from a balance
between

(1) chemical passivation (strength of Pb–O–P bonds from
phosphonic acids),

(2) electrostatic tuning (molecular dipole magnitude and
orientation), and

(3) electronic delocalization (p–p interactions and orbital
overlap).

The synergistic interplay of these mechanisms underpins
their role in suppressing non-radiative interfacial recombina-
tion, stabilizing perovskite energetics, and enabling efficient
hole extraction.

5.2.3.3 Surface coverage, morphology, and wettability.
Molecular packing and uniform coverage are critical for mini-
mizing pinholes and ensuring homogeneous interfacial ener-
getics. The structural and chemical diversity of SAM molecules
directly governs their packing density, surface energy, and
consequently the nucleation and growth of perovskite lms.
Methoxy-functionalized carbazole SAMs such as MeO-2PACz
form dense, highly ordered monolayers due to strong
anchoring and compact aromatic packing, while their polar
methoxy substituents enhance wettability, leading to high
nucleation density and uniform grain growth. In contrast,
4PACz, with its longer alkyl tether, exhibits slightly reduced
packing density and increased conformational disorder, intro-
ducing minor local energetic inhomogeneities but oen facili-
tating smoother large-area lm formation. BCBBr-C4PA,
bearing a bulky brominated benzo[c]carbazole core, poses
challenges for close packing and requires optimized deposition
to achieve full surface coverage; however, once ordered, its high
polarizability improves interfacial smoothness and stabilizes
perovskite growth. Meanwhile, the highly planar dibenzo[c,g]
carbazole backbone of 4PADCB promotes strong p–p stacking
and lateral order, yielding monolayers with excellent coverage
and surface wettability that guide uniform crystallization.
Collectively, these comparisons highlight how subtle variations
in molecular design such as tail length, substituent polarity,
steric bulk, and backbone planarity critically inuence perov-
skite lm morphology and interface quality.

5.2.3.4 Operational stability. Under operational stressors
such as heat, humidity, and illumination, distinct trade-offs
emerge among different SAM molecules due to variations in
anchoring strength, conjugation, and substituent chemistry.
MeO-2PACz exhibits superior stability, with its strong phos-
phonic acid anchoring and electron-donating methoxy substit-
uents maintaining both the interfacial dipole and chemical
bonding under prolonged light soaking and thermal stress. By
contrast, 2PACz and 4PACz, while still forming stable P–O–Pb
linkages, show moderate resistance, as their less polar substit-
uents render the interfacial dipole more susceptible to partial
relaxation and moisture-induced disorder. Incorporation of
bromine into the benzo[c]carbazole backbone in BCBBr-C4PA
EES Sol., 2026, 2, 28–87 | 67
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enhances molecular stability by reducing photooxidation and
suppressing bond cleavage pathways through the heavy-atom
effect, thereby prolonging interfacial dipole retention. Mean-
while, the rigid, highly conjugated backbone of 4PADCB confers
exceptional thermal and photostability, as its extended p-
system and planar packing minimize conformational disorder
and resist structural degradation. These comparative insights
underscore how molecular rigidity, electronic substituents, and
anchoring strength govern SAM resilience under device-relevant
stress conditions, directly impacting long-term perovskite solar
cell stability.

5.2.3.5 Performance trade-offs. The performance of SAM-
modied perovskite interfaces reects a delicate balance
between energy-level alignment, trap passivation, lm
morphology, and operational stability, with each molecular
design offering distinct advantages and trade-offs. 2PACz
provides high initial ll factors and efficient hole transport
owing to its favorable intrinsic mobility, though its stability is
moderate. MeO-2PACz enhances both VOC and long-term
durability by combining strong dipole-induced energy-level
tuning with robust interfacial binding. 4PACz, featuring
a longer alkyl spacer, slightly compromises packing density but
promotes smoother large-area lm formation and improved
morphological uniformity. BCBBr-C4PA, while requiring careful
optimization to overcome steric constraints, introduces
a stronger interfacial dipole and enhanced electronic passiv-
ation through bromination, thereby improving energy align-
ment and recombination suppression. 4PADCB, with its rigid,
planar dibenzo[c,g]carbazole core, achieves highly ordered
monolayer formation that simultaneously delivers excellent
defect passivation and outstanding thermal and photostability.
Collectively, these comparisons highlight that the rational
design of SAM head- and tail-group chemistries is crucial for
achieving the optimal compromise between efficiency, stability,
and scalability in perovskite solar cells (Table 3).
5.3. Interface engineering using dipole tailored interlayers

The polycrystalline nature of perovskite lms inherently leads
to trap states at grain boundaries and within the bulk, which act
as recombination centers and impair device efficiency, stability,
and reproducibility. Suppressing charge trapping is thus critical
for advancing PSC performance. While external reverse bias has
been shown in polymer solar cells to enhance carrier extraction
by generating strong internal electric elds (Ein), applying such
elds within operational PSCs remains impractical. Enhancing
Ein intrinsically using interlayers tailored to meet the interface
dipole requirements within the device is therefore essential. At
this juncture, it is worth mentioning that while such dipolar
modications have been extensively explored in single-junction
PSCs, their application in more complex device architectures
such as TSCs has remained largely unexplored until recently. It
was only quite recently, in 2024, that the group led by Anita Ho-
Baillie205 demonstrated the use of dipole-tailored interlayers in
perovskite-based TSCs, marking a pivotal advancement in
extending this strategy beyond single-junction devices. We
begin by highlighting key milestones and fundamental insights
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 32 Paired electric dipole layer (EDL) engineering at the PC61BM/metal contact for controlled work-function modulation. (a) UPS spectra
comparing PFN/Al and bare Al interfaces. (b) Energy-level diagram showing the work-function shift induced by PFN. (c) Schematic illustration of
dipole orientation before and after metal deposition and the resulting effective work-function change. (d) Chemical structures of PFN and p-
PFP-O forming cathode EDLs, and device architecture. (e) Band alignment and interfacial dipole configuration demonstrating paired EDL
formation at both ITO and Al interfaces. Reproduced with permission from ref. 197, Copyright 2018, Royal Society of Chemistry.
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gained from studies on single-junction PSCs, which have laid
the groundwork for interface dipole engineering. Building on
this foundation, we then delve into the emerging application of
dipole-tailored interlayers in tandem solar cells, exploring their
implications for advancing multi-junction device performance.

The pioneering study on employing dipole tailored inter-
layers was done by Lee et al. who introduced a dual-dipole-layer
architecture to attenuate the built-in electric eld (Ein) across p–
i–n planar PSCs and thereby suppress charge trapping at grain-
boundary and bulk defects.197 By inserting a p-doped conju-
gated polyelectrolyte (p-PFP-O) as a hole-extraction dipole layer
at the ITO/anode interface and a dipolar fullerene derivative
(PFN) at the cathode/PC61BM junction, they shied each elec-
trode's vacuum level by ±0.6 eV, increasing the electrode work-
function difference and thus Ein as depicted in Fig. 32.

Ultraviolet photoelectron spectroscopy (UPS) and contact
potential difference (CPD) measurements were instrumental in
elucidating the interfacial energetics and dipole behavior in the
devices, particularly in the context of metal–organic junctions.
At the PFN/Al interface, UPS revealed an upward shi in the
vacuum energy level (Evac), indicating the formation of new
electric dipoles with anions oriented toward the Al electrode.
This reorientation was attributed to strong interactions between
the thin (∼5 nm) PFN layer and diffusing metal atoms during
electrode deposition. Similar trends observed for the Au/PFN
interface supported the idea that metal contact can induce
considerable dipole rearrangement, effectively modifying the
metal WF and enhancing the Ein across the device via paired
electrical double layers (EDLs). CPD studies on PTAA lms
further illustrated the inuence of interlayers in tuning energy
© 2026 The Author(s). Published by the Royal Society of Chemistry
alignment. While PTAA on ITO showed an increased CPD due to
Fermi level mismatch, the introduction of PEDOT:PSS or p-PFP-
O led to a negative shi in surface potential, indicating hole
accumulation in PTAA driven by the interlayers' self-aligned
surface dipoles. Notably, p-PFP-O induced a stronger Fermi
level shi than PEDOT:PSS, emphasizing the importance of
dipole engineering at interfaces for improved charge transport
and device efficiency. Schematic illustration of trap-assisted
charge recombination in PI(N) junctions and its modulation
by electric double layers (EDLs) is illustrated in Fig. 33.

Devices incorporating both dipole layers achieved a cham-
pion power-conversion efficiency of 19.4% (versus 17.8% with
conventional PEDOT:PSS/TiOx transport layers), with an average
efficiency of 18.0% and a remarkably low device-to-device
standard deviation of 0.7% (versus 1.05%). Mott–Schottky and
impedance spectroscopy analysis also demonstrated an
elevated built-in potential (0.94 V vs. 0.84 V) and suppressed
recombination resistance, respectively, underlining the effec-
tiveness of paired dipole layers in enhancing charge extraction,
reducing hysteresis, and improving reproducibility in low-
temperature-processed PSCs.

In their study, Yang et al. introduced a zwitterionic inter-
facial dipole – trimethylamine oxide (TMAO) between a meso-
porous TiO2 ETL and a perovskite absorber to suppress charge
accumulation and recombination at this critical junction.198 By
forming a molecular “bridge,” TMAO shied the TiO2

conduction-band minimum upward (from 4.23 eV to 4.15 eV),
thereby lowering the interfacial energetic barrier for electron
transfer, and its negatively charged oxygen sites bound to
surface Ti4+ to reduce oxygen vacancy defects. The impact of
EES Sol., 2026, 2, 28–87 | 69
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Fig. 33 Mitigation of interfacial charge trapping in PI(N) junctions via electric double layers (EDLs): (a) conceptual diagrams showing trap sites
and charge dynamics in untreated and EDL-modified structures; (b) energy band diagrams illustrating how EDL-induced dipoles modulate
vacuum levels and facilitate charge extraction by suppressing trapping effects. Reproduced with permission from ref. 197, Copyright 2018, Royal
Society of Chemistry.
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the TMAO interlayer in engineering the interface energetics is
presented in Fig. 34. Simultaneously, the positively charged
trimethylammonium moiety promoted uniform perovskite
crystal growth within the mesoporous scaffold, eliminating
interfacial voids and passivating surface trap states. These
synergistic effects accelerated charge extraction (fast PL life-
time shortened from 10.94 to 6.51 ns), decreased trap-state
densities (Mott–Schottky-derived doping density halved), and
nearly eliminated hysteresis (hysteresis index reduced from
2.2% to 0.07%), resulting in a champion PCE of 21.77% with
negligible hysteresis. Crucially, even without encapsulation,
the devices maintained 80% of their original performance aer
200 hours of exposure to testing conditions under continuous
100 mW cm−2 illumination and showed markedly improved
thermal and humidity stability (only 36% PCE loss aer 108 h
at 85 °C/85% RH), underscoring the promise of interfacial-
dipole engineering for durable, high-performance perovskite
photovoltaics.
70 | EES Sol., 2026, 2, 28–87
Previous studies on interfacial dipole engineering in PSCs
predominantly employed solution-processable methods using
polymeric or small-molecule interlayers deposited prior to or
during perovskite formation. While these approaches showed
improvement in device performance, they oen introduced
changes to lm morphology, crystallization, and interface
coverage, making it difficult to isolate the electronic effects of
the dipole layer. In contrast, Lee et al. employed vacuum-
deposited, sub-nanometer pyridine-containing small mole-
cules as interfacial layers (EILs) between CH3NH3PbI3 perov-
skite and a C60 ETL to engineer interface energetics.199 Among
the tested molecules – 3TPYMB, B4PyMPM, and TmPyPB, the
0.5 nm 3TPYMB layer yielded the most notable performance
gains, with champion PCEs reaching 18.8%, representing
a 24.5% improvement over control devices without the EIL. In
situ ultraviolet photoelectron spectroscopy (UPS) and X-ray
photoelectron spectroscopy (XPS) provided critical insight into
the origin of these enhancements. The UPS spectra revealed
that the introduction of the 3TPYMB EIL led to a notable
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 34 TMAO-assisted surface passivation and energy alignment in TiO2-based perovskite solar cells: (a) device structure; (b) schematic of
TMAO interaction with the TiO2 surface; (c) UPS spectra comparing TiO2 and TiO2–TMAO films; (d) energy level alignment across device layers;
(e) Ti 2p core level XPS spectra showing negligible chemical shift with TMAOmodification; (f) schematic illustration of TMAOmolecules bridging
interfacial defects to suppress charge recombination and enhance carrier transport. Reproduced with permission from ref. 198, Copyright 2019,
American Chemical Society.

Fig. 35 Energy level tuning and interface dipole engineering in inverted PSCs: (a) device architecture incorporating a C60-based ETL and doped
TmPyPB as the hole-transport material; (b) molecular structures of TmPyPB, B4PyMPM, and 3TPYMB; (c) energy level diagram of individual layers
showing HOMO/LUMO or VBM/CBM levels, with band alignments across interfaces; and a 5 Å-thick EIL modifying vacuum level alignment and
reducing energy barriers; (e) illustration of oriented interfacial dipole moments at the perovskite interface that contribute to vacuum level shifts
and improved charge extraction (f) schematic representation of molecular orientation contributing to interfacial dipole formation. Reproduced
with permission from ref. 199, Copyright 2017, Elsevier Ltd.

© 2026 The Author(s). Published by the Royal Society of Chemistry EES Sol., 2026, 2, 28–87 | 71

Review EES Solar

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 4
:4

7:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00089k


Fig. 36 Mechanisms of dipole formation and decoupled contributions from intrinsic molecular dipoles and interfacial dipole moments in self-
assembled monolayers and polar polymers. (Upper left) A schematic of SAMs showing decoupled dipole contributions: bond dipoles at the
docking group, interface dipoles at the head group, intrinsic backbone dipole, and terminal functional group dipoles. These interact with the
electrode to induce vacuum level shifts via “push-back” and charge redistribution effects. (Bottom left) Polar polymer interlayers with intrinsic
backbone dipoles and interface dipoles at both the electrode and active layer interfaces, influencing local electric fields and energy level
alignment. Reproducedwith permission from ref. 200–202, Copyright 2018, Royal Society of Chemistry; Copyright 2015, WILEY-VCH; Copyright
2008, American Chemical Society.

EES Solar Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 4
:4

7:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
vacuum-level shi of approximately 0.4 eV at the perovskite/C60

interface, substantially greater than the 0.2 eV shi induced by
C60 alone. This shi signies the emergence of a pronounced
interfacial dipole oriented to promote efficient electron transfer
from the perovskite layer to the C60, as illustrated in Fig. 35.
Concurrently, XPS analysis showed no detectable chemical
interaction or core-level shis in the perovskite, conrming that
the EILs do not alter its surface composition or structure, thus
isolating the effect to purely electronic modulation.

This combination of strong dipole formation and chemical
inertness suggested that the EILs improve interfacial band
alignment without compromising perovskite integrity. The
inferred electronic realignment was further supported by
device-level measurements: transient photocurrent (TPC)
showed faster charge extraction (sphc reduced from 0.24 ms to
0.17 ms) and transient photovoltage (TPV) exhibited slower
recombination (sphv increased from 0.64 ms to 0.72 ms). In their
comprehensive study, Lim et al. systematically investigated how
dipolar interlayers including SAMs and conjugated poly-
electrolytes (CPEs) can be strategically employed to modulate
electrode work functions and tune energy-level alignments at
critical interfaces in both organics and PSCs.200 By combining
controlled interlayer deposition with in situ UPS/XPS, the
authors decoupled and quantied the effects of interfacial
72 | EES Sol., 2026, 2, 28–87
dipoles from morphological or chemical inuences. Some of
the salient observations of the study are illustrated in Fig. 36.

Their results revealed that the vacuum-level shis induced
by these interlayers (typically 0.2–0.6 eV) are governed primarily
by the bonding dipole formed at the substrate–molecule junc-
tion, rather than the net molecular dipole moment. In the case
of CPEs, the nature of the counterion played a key role: for
instance, replacing Br− with a bulkier and less coordinating
BIm4

− led to a larger vacuum-level shi and enhanced band
bending at the interface. Notably, XPS analysis conrmed the
absence of core-level shis or new chemical species, validating
that these effects are purely electronic in nature. In addition to
this, they observed that the energy-level alignment at the
electrode/active-layer interface can transition from vacuum-
level alignment to Fermi-level pinning depending on the
strength and nature of the induced dipole. This transition was
particularly evident in the case of CPE layers, where strong
dipoles from bulky counterions (like BIm4

−) led to pronounced
downward vacuum-level shis, effectively lowering the injection
barrier for electrons. Second, the study found that the dipole-
induced shis scale with the areal dipole density and molec-
ular orientation, which highlights the importance of molecular
packing and substrate interaction in determining the interfacial
electronic landscape. Third, they noted that these dipolar
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 37 (a) Ultraviolet photoelectron spectroscopy (UPS) spectra showing the secondary electron cut-off region used to extract work functions
of bare Ag and Ag modified with dipolar interlayers DTQ, DTMQ, and DTMQCl. (b) Energy level diagrams of C60, DTQ, DTMQ, and DTMQCl,
illustrating howmolecular dipolemomentsmodulate interface energetics. (c and d) Schematic band bending diagrams for C60 in contact with Ag
electrodes: (c) high work function Ag induces a Schottky barrier, while (d) low work function Ag (modified using interlayers) leads to ohmic
contact. (e) Schematic architecture of a planar PSC used in this study. (f) J–V characteristics of PSCs with and without dipolar interlayers.
Reproduced with permission from ref. 203, Copyright 2024, Wiley-VCH GmbH.
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modications are broadly applicable across different substrate
types, including ZnO, ITO, and MoO3, illustrating the generality
of the approach. Finally, the work emphasized that because
these dipolar layers are chemically orthogonal and do not react
with the substrate or active layer, they are compatible with
delicate semiconductors such as halide perovskites. Overall, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
study laid out a predictive and transferable framework for
interface engineering via dipolar interlayers, enabling ne-
tuned control over WF and energy-level alignment in a wide
range of optoelectronic devices.

Heo et al. presented a strategic interface engineering
approach to mitigate VOC losses in WBG PSCs – a crucial
EES Sol., 2026, 2, 28–87 | 73
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Fig. 38 Schematic illustration of vertical polarization alignment in perovskite films. (a) Random dipole orientation in the reference film with no
net polarization. (b) SA-regulated film showing aligned dipoles and macroscopic vertical polarization. (c) Polarization rearrangement driven by
molecular traction from the SA additive, with insets showing relative energies for different MA+ orientations (0°, 90°, and 180°), favoring vertical
alignment. Reproduced with permission from ref. 204, Copyright 2023 Wiley-VCH GmbH.
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limitation that hinders their application in tandem photovol-
taic architectures.203 The researchers introduced n-type
quinoxaline-phosphine oxide-based small molecules with
strong dipole moments as effective cathode interfacial layers
between the WBG perovskite absorber, FA0.65MA0.20Cs0.15-
Pb(I0.8Br0.2)3, and the ETL (PCBM). Detailed characterization
using UPS revealed that the organic interfacial layers named
DTQ, DTMQ, and DTMQC layers induce a downward shi in the
vacuum energy level of the perovskite surface, effectively deep-
ening the WF as is evident from Fig. 37. This shi resulted in
a more favorable alignment between the CBM of the perovskite
and the lowest unoccupied molecular orbital (LUMO) of PCBM,
facilitating more efficient electron extraction and reducing
energetic barriers at the interface. Complementary
74 | EES Sol., 2026, 2, 28–87
measurements using Kelvin probe force microscopy (KPFM)
further conrmed the formation of an interfacial electric dipole,
as evidenced by a distinct increase in surface potential at the
perovskite/PCBM interface following FABr treatment. The
combined UPS and KPFM results thus demonstrated that the
FABr layer not only adjusts the interfacial energy landscape but
also introduces an internal electric eld that enhances carrier
separation and transport.

These modications were correlated with substantial opto-
electronic improvements: photoluminescence (PL) and elec-
troluminescence (EL) measurements indicated reduced non-
radiative recombination, contributing to a remarkable VOC of
1.29 V among the highest reported for z1.74 eV bandgap
perovskites and a PCE of 17.6%. Thus, this work established
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 39 Electronic properties and charge transport. (a) UPS spectra of SA-regulated perovskite films recorded at different Ar+ ion etching depths.
(b) Energy-level diagram and carrier transport model. (c and d) KPFM CPDmaps of top and bottom film surfaces. (e) Histogram of CPD values. (f)
Calculated electrostatic potential and WF with/without MA+ reorientation. Reproduced with permission from ref. 204, Copyright 2023 Wiley-
VCH GmbH.
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interfacial dipole engineering as an effective, solution-
processable strategy for boosting the efficiency of WBG PSCs
and offered a promising pathway for their application in high-
performance perovskite–silicon tandem devices. In their 2023
study, Wu et al. presented a pioneering strategy for internally
coordinating the energy levels of PSCs throughmolecular dipole
alignment.204 The authors introduced a polar small molecule, 4-
triuoromethylphenethylammonium iodide (CF3-PEAI) as an
SA (self-alignment) additive, into the perovskite precursor
solution to induce spontaneous reorientation of methyl-
ammonium (MA+) cations during lm formation. This
© 2026 The Author(s). Published by the Royal Society of Chemistry
molecularly driven alignment resulted in a vertically oriented
intrinsic dipole moment across the absorber layer as illustrated
in Fig. 38.

A key strength of the study lies in the direct spectroscopic
and surface-potential characterization of this internal dipole.
UPS combined with sequential Ar+ etching revealed a gradual
upward shi in the vacuum energy level from the bottom to the
top of the perovskite lm in SA-treated samples as shown in
Fig. 39. This gradient reected a built-in electric eld estab-
lished by the vertically aligned dipoles, which created a favor-
able energy-level cascade for carrier transport. Specically, the
EES Sol., 2026, 2, 28–87 | 75
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Fig. 40 Dipole engineering at the perovskite/C60 interface. (a) Molecular structures of Pp+ and ML+. (b) Electrostatic potential (ESP) distributions.
(c) Calculated dipole moments. (d) Energy level alignment for perovskite/C60, perovskite/PpBr/C60, and perovskite/MLBr/C60 configurations.
Reproduced with permission from ref. 205, Copyright 2024 Wiley-VCH GmbH.
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VBM became progressively deeper toward the surface, with
a total shi of ∼0.15 eV compared to untreated lms.

Complementary evidence was provided by KPFM, where the
SA-treated lms exhibited a notable increase in surface poten-
tial relative to control samples. This surface potential shi
(∼50–80 mV) conrmed the presence of an interfacial dipole
layer that enhanced the built-in eld and improves charge
extraction at the electrode interfaces. Together, these UPS and
KPFMmeasurements provided compelling proof that molecular
dipole alignment can spatially modulate the electronic struc-
ture of perovskite lms at the nanoscale. Polarization-sensitive
infrared spectroscopy and piezoresponse force microscopy
(PFM) further validated the uniform molecular alignment,
while temperature-dependent photoluminescence (PL) and
time-resolved PL measurements revealed notable suppression
of non-radiative recombination and reduced exciton binding
energy due to enhanced dielectric screening. As a result of these
synergistic effects, the dipole-coordinated perovskite devices
achieved a high VOC ∼1.20 V, extended carrier diffusion lengths
(∼1.7 mm), and an impressive PCE of 24.63%, along with
excellent operational stability over 1000 hours. This study
underscores the importance of molecular-scale dipole engi-
neering as a scalable, non-invasive, and intrinsically stable
route to tune energy levels and elevate both performance and
durability in next-generation perovskite photovoltaics. In
a notable advancement for interface engineering in perovskite
photovoltaics, Wang et al. introduced a dipole-tuning strategy at
the electron–transport interface to reduce voltage loss and
improve device performance in both single-junction and
76 | EES Sol., 2026, 2, 28–87
monolithic tandem PSCs.205 By designing and incorporating
dipolar organic interlayers specically, piperidinium bromide
(PpBr) and morpholinium bromide (MLBr) between the perov-
skite absorber and the fullerene (C60) ETL, the study demon-
strated how targeted molecular engineering could modulate
interfacial energy-level alignment, minimize recombination
losses, and contribute to improved photovoltaic performance
and long-term device stability. This approach leveraged the
intrinsic dipole moments of small organic cations (3.7 D for
PpBr and 5.9 D for MLBr) to generate internal electric elds that
shi the vacuum energy level and conduction band offset at the
ETL interface as is illustrated in Fig. 40.

Detailed insights into the energetic modulation induced by
the dipole layers were obtained using UPS. For pristine perov-
skite lms, the VBM and vacuum level (Evac) served as bench-
marks. Upon deposition of PpBr, a modest upward shi of
∼0.12 eV in Evac and ∼0.10 eV in VBM was observed. MLBr, with
a higher dipole moment, induced larger shis (∼0.20 eV and
∼0.15 eV, respectively). These systematic shis in the vacuum
level are a direct consequence of the surface dipole introduced
by the interlayers, as the net dipole moment perpendicular to
the interface modies the surface potential via the Helmholtz
equation:

DV ¼ mN

303r
(9)

where m is the molecular dipole moment, N is the surface
density of dipoles, and 3r is the local relative permittivity. This
energetic modulation reduced the energy offset between the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 41 Device performance of perovskite–silicon tandems incorporating a dipole interlayer. (a) Schematic of the tandem cell architecture. (b)
Cross-sectional SEM image of a representative MLBr-based tandem. (c) J–V characteristics of top-performing devices with and without the
dipole interlayer. (d) EQE and reflectance spectra of the champion tandem featuring an MLBr interlayer. Reproduced with permission from ref.
205, Copyright 2024 Wiley-VCH GmbH.
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perovskite CB and the LUMO level of C60, facilitating more
efficient electron extraction and minimizing interfacial ener-
getic barriers.

Complementary X-ray photoelectron spectroscopy (XPS) and
QFLS analyses further supported the dual functionality of the
dipolar interlayers: not only did they tune energy levels, but they
also chemically passivated surface traps via ionic interactions
between the interlayer's functional groups (e.g., Br−) and
undercoordinated Pb2+ at the perovskite interface. This resulted
in reduced trap-assisted recombination, as evidenced by
enhanced steady-state PL and prolonged carrier lifetimes. The
devices incorporating MLBr, in particular, exhibited the highest
QFLS values, indicating minimal voltage loss. The most notable
outcome of this interfacial dipole engineering was its successful
translation into two-terminal perovskite/silicon TSCs, marking
the rst report of such an interlayer being deployed at the
electron–transport interface in a monolithic tandem architec-
ture. The tandem devices with MLBr interlayers achieved
a certied PCE of 28.8% (Fig. 41) among the highest reported for
© 2026 The Author(s). Published by the Royal Society of Chemistry
this conguration while also demonstrating remarkable
thermal-cycling stability, retaining 97% of their initial efficiency
aer 400 IEC-standard thermal cycles. This performance not
only reects improved charge transport and reduced non-
radiative losses but also underscores the long-term stability
conferred by molecular-level interface passivation and energy
level alignment.

In conclusion, the work by Wang et al.205 established dipole-
oriented interlayer engineering as a powerful and versatile
strategy for enhancing both the performance and stability of
PSCs and, critically, extends its applicability to the more
demanding architecture of monolithic tandem devices. By
uniting principles of molecular dipole physics, interfacial
energetics, and device-scale implementation, this study opens
new avenues for rational interface design in high-efficiency,
durable perovskite photovoltaics.

5.3.1 Critical analysis of dipole-tailored interlayers in
perovskite solar cells. A critical evaluation of dipole-tailored
interlayers highlights how molecular dipole orientation,
EES Sol., 2026, 2, 28–87 | 77
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magnitude, and structural rigidity govern their role in tuning
interface energetics, suppressing non-radiative recombination,
and enhancing long-term device stability.

5.3.1.1 Energy-level alignment and dipole effects. Dipole-
tailored interlayers are specically designed to introduce
a permanent dipole moment at the perovskite/charge transport
interface, enabling controlled vacuum-level shis that reduce
interfacial energy offsets. The dipole orientation is decisive:
interlayers with upward-oriented dipoles at the perovskite/HTL
interface raise the work function and improve valence band
alignment, thereby enhancing hole extraction and increasing
VOC. Conversely, downward-oriented dipoles at the ETL/
perovskite interface lower the work function, minimizing
barriers for electron transfer. The dipole magnitude, however,
must be carefully optimized. Excessively strong dipoles can
cause interfacial band bending or induce mid-gap states that
counteract passivation benets, whereas moderate, uniformly
oriented dipoles facilitate balanced charge transfer. Molecular
design strategies such as electron-donating (–OCH3 and –NH2)
or electron-withdrawing (–CF3 and –CN, halogens) substituents
modulate the dipole strength via inductive and resonance
effects. Rigid p-conjugated backbones stabilize the dipole
orientation and prevent reorientation under thermal or illumi-
nation stress, while exible aliphatic linkers oen yield reduced
packing density and less predictable vacuum-level shis.

5.3.1.2 Interfacial trap passivation. Beyond dipole modula-
tion, dipole-tailored interlayers also contribute to defect
passivation through functional anchoring groups and p–p

interactions. Common anchoring chemistries include phos-
phonic acids, carboxylates, and fullerene derivatives, which
bind to undercoordinated Pb2+ or halide vacancies at the
perovskite surface, thereby reducing trap-assisted recombina-
tion. Conjugated dipole molecules provide additional orbital
overlap with Pb 6p and halide np states, stabilizing shallow
defects and delocalizing charge carriers. Fluorinated dipole
interlayers, in particular, enhance electrostatic passivation by
interacting with positively charged Pb2+ centers, while simul-
taneously increasing hydrophobicity and resisting ionic
migration. Similarly, halogenated dipole backbones (e.g.,
brominated aromatics) exploit halogen–metal interactions to
mimic halide compensation, strengthening passivation while
tuning dipole orientation. However, bulky dipole substituents
may compromise molecular ordering, leading to non-uniform
trap passivation across the surface. Thus, the effectiveness of
these interlayers hinges on the synergistic contribution of
chemical anchoring, electrostatic tuning, and conjugated
orbital interactions.

5.3.1.3 Surface coverage, morphology, and wettability. The
degree of molecular packing and interlayer coverage strongly
inuences dipole uniformity and perovskite lm growth.
Compact, highly ordered dipole layers minimize pinholes and
energetic inhomogeneities, ensuring consistent charge extraction
across the interface. Polar substituents (e.g., –OCH3 and –CF3)
improve surface wettability and facilitate uniform perovskite
nucleation, whereas hydrophobic tails enhance moisture resis-
tance but may hinder initial lm adhesion. Rigid dipole inter-
layers with planar p-systems promote lateral molecular ordering,
© 2026 The Author(s). Published by the Royal Society of Chemistry
guiding uniform crystallization of the perovskite overlayer and
reducing grain boundary defects. In contrast, exible dipole
linkers or sterically bulky substituents disrupt packing density
and introduce local energetic disorder. Therefore, balancing
dipole strength with molecular ordering is critical to achieving
reproducible surface coverage and defect-free morphology.

5.3.1.4 Operational stability. The stability of dipole inter-
layers under illumination, heat, and moisture stress varies with
molecular rigidity, substituent chemistry, and anchoring
strength. Rigid aromatic dipole backbones exhibit superior
thermal and photostability, as their extended p-conjugation
minimizes structural reorientation. Fluorinated or halogenated
interlayers resist photooxidation and inhibit bond cleavage
pathways, preserving dipole orientation under prolonged stress.
Anchoring groups with multidentate coordination (e.g., tri-
dentate phosphonic acids) ensures strong, irreversible binding
to oxide or perovskite surfaces, while weaker linkers (e.g.,
amines or carboxylates) are more prone to desorption, espe-
cially in humid environments. Nevertheless, dipole-tailored
interlayers remain vulnerable to dipole relaxation over time,
where the interfacial dipole gradually diminishes due to
molecular reorientation, reducing long-term energy-level
alignment benets. Strategies such as rigidifying the back-
bone, introducing electron-withdrawing substituents, and
combining dipole effects with chemical passivation have been
shown to prolong interfacial dipole retention and device oper-
ational lifetime.

5.3.1.5 Performance trade-offs. As with SAM molecules, the
performance of dipole-tailored interlayers reects a compro-
mise between energy-level tuning, passivation, morphology
control, and stability. Molecules with strong electron-
withdrawing substituents (e.g., uorinated aromatics) provide
signicant vacuum-level shis and moisture stability, but risk
dipole overcompensation and increased energetic disorder.
Conversely, dipole interlayers with moderate electron-donating
groups (e.g., methoxy- or amino-substituted aromatics) achieve
balanced band alignment and trap passivation but may exhibit
reduced moisture resistance. Planar conjugated dipole inter-
layers deliver excellent lm ordering and operational stability,
whereas bulky or exible dipole moieties oen compromise
packing uniformity. Collectively, these comparisons highlight
that the rational design of dipole-tailored interlayers requires
a holistic approach optimizing dipole strength and orientation
while ensuring chemical passivation, ordered packing, and
environmental robustness. Ultimately, dipole-tailored inter-
layers present an elegant yet complex strategy to ne-tune
interfacial energetics, but their practical deployment in scal-
able devices demands careful balancing of efficiency, stability,
and processing compatibility (Table 4).

6. Challenges and future direction

The emergence of SAMs and dipole-tailored interfacial modi-
ers as tools for ne-tuning device interfaces represents
a paradigm shi in the design of next-generation photovoltaic
technologies. These molecular interface strategies offer excep-
tional control over interfacial energetics, surface wettability,
EES Sol., 2026, 2, 28–87 | 79
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chemical passivation, and ion-selective transport pathways.
However, despite their conceptual elegance and functional
versatility, the practical translation of these methods into
commercial platforms faces two formidable bottlenecks: (i) lack
of scalable and compatible deposition techniques and (ii)
insufficient long-term stability under dynamic electrochemical
operating conditions. A comprehensive understanding of the
physicochemical underpinnings of these challenges is essential
for rational strategy development.
6.1. Scalability constraints

The molecular precision and bottom-up assembly characteris-
tics that make SAMs attractive at the lab scale also pose inherent
limitations when translating to large-area devices.

� Deposition uniformity: achieving pinhole-free, conformal,
and homogeneous SAM coverage over large substrates (>100
cm2) is inherently challenging due to solution-based deposition
techniques (e.g., dip-coating, spin-coating, and vapor-phase
methods) that are highly sensitive to surface cleanliness,
roughness, and environmental conditions (humidity and
temperature). In roll-to-roll or slot-die processing scenarios,
maintaining nanometer-thick control and long-range molecular
ordering of SAMs becomes increasingly difficult, which can lead
to interfacial heterogeneities, shunt pathways, or incomplete
dipole formation.

� Interfacial compatibility in tandems: in tandem architec-
tures (e.g., perovskite–silicon and perovskite–perovskite), the
bottom subcell's top electrode must simultaneously serve as the
growth substrate for the top subcell, demanding that SAMs
fulll multiple, sometimes conicting roles like conductivity,
transparency, wettability, and thermal resilience. Many SAMs
designed for single-junction PSCs are not optimized for such
multifunctionality, limiting their utility in stacked
congurations.

� Throughput and process integration: industrially viable
integration requires SAMs and dipole interlayers to be
compatible with high-throughput manufacturing. However,
their deposition oen involves prolonged immersion or solvent
exchange steps that are not directly transferrable to vapor-phase
or in-line coating methods. The synthesis of dipolar molecules
with precise functional groups (e.g., phosphonic acids, thiols,
and carboxylic acids) also adds complexity and cost to scale-up.
6.2. Thermal and chemical stability

Interface engineering strategies must ensure long-term opera-
tional stability under realistic conditions such as thermal load,
light soaking, and ambient exposure. SAMs and dipolar layers,
being organic and oen mono- or few-molecular layers thick,
are inherently vulnerable to chemical and thermal degradation.

� Thermal decomposition and desorption: SAMs anchored
via thiol, silane, or phosphonic acid head groups may desorb or
undergo bond cleavage at elevated temperatures (>85 °C),
particularly in a vacuum or under prolonged illumination. This
compromises interfacial dipole alignment and surface passiv-
ation. For tandem devices, where the thermal budget during top
80 | EES Sol., 2026, 2, 28–87
cell processing can exceed 100–120 °C, conventional SAMs may
not survive.

� Moisture and oxygen sensitivity: the hydrophilicity of
certain SAMs (e.g., carboxylic acid terminated) can lead to water
ingress and localized degradation of the underlying perovskite
or transport layer. Similarly, oxidation of dipolar molecules may
alter their electronic dipole, thereby shiing interfacial energy
levels over time. While uorinated or alkylated tail groups
improvemoisture resistance, they oen reduce charge transport
or alter wettability unfavorably for subsequent layer deposition.

� Interface reconstruction: over operational timescales,
particularly under bias and illumination, dynamic interfacial
phenomena such as ion migration (e.g., MA+ and I−) and
chemical interactions with dipolar species can lead to interfa-
cial reconstruction, reorientation of dipoles, or trap formation.
This is particularly relevant in inverted (p–i–n) architectures
where SAMs are oen employed at the hole transport interface.

6.3. Electronic and dipolar stability

�Dipole dri and degradation: dipole layers whether formed via
molecular assemblies or ionic additives are assumed to produce
static band bending. However, under operational stress (illu-
mination and electric eld), dipolar alignment can degrade or
reorient, leading to uctuations in built-in potential and VOC.
Quantitative evidence of dipole stability across extended time-
scales is still sparse.

� Energy level pinning and interface states: SAM-induced
dipoles modify work functions primarily through Helmholtz
layer formation. However, imperfect or incomplete SAMs can
introduce interface states that lead to Fermi level pinning,
counteracting the desired energetic alignment and enhancing
non-radiative recombination. Such effects become even more
pronounced in multi-junction devices where cumulative inter-
face quality is critical.

6.4. Future directions

To address these limitations and unlock the full potential of
SAM and dipole interface engineering, several strategic direc-
tions are recommended (Table 5):

� Design of multifunctional and crosslinkable SAMs: devel-
opment of SAMs with dual or even triple functionalities (e.g.,
dipole alignment, passivation, and hydrophobic protection)
and enhanced thermal robustness (e.g., aromatic phosphonic
acids and siloxane crosslinkers) can improve long-term inter-
face stability. Chemically crosslinkable SAMs may allow cova-
lent binding to both the substrate and overlaying layers,
enhancing mechanical and thermal endurance.

� Vapor-phase and scalable deposition approaches: imple-
menting molecular layer deposition (MLD), initiated chemical
vapor deposition (iCVD), or atomic layer compatible SAM
deposition techniques can offer better control over thickness,
coverage, and scalability. These methods can help bridge the
gap between laboratory-scale deposition and industrial roll-to-
roll processing.

� In situ characterization and degradation tracking: devel-
opment of operando spectroscopic and microscopic tools (e.g.,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Scientific drivers and interface engineering challenges in designing next-generation TSCs

Aspect Key challenges Scientic rationale Future directions

Substrate compatibility Anchoring group–substrate
specicity; poor adhesion on
heterogeneous surfaces

Chemisorption depends on
surface functional groups;
non-uniformity disrupts SAM
formation

Develop universal anchoring groups (e.g.,
boronic acids and zwitterions); improve
pre-treatment methods

Surface topology Defect formation on rough/
porous electrodes

Multiscale roughness and
capillarity hinder uniform
monolayer formation

Engineer hierarchical SAMs or hybrid
layers compatible with high-surface-area
electrodes

Deposition scalability Low-throughput techniques
(immersion and LB transfer);
poor reproducibility

Slow assembly kinetics;
solvent effects; multilayer
formation

Use scalable methods like spray/slot-die
coating; develop rapid, eld-assisted or
electrochemically induced assembly

Molecular orientation &
dipole alignment

Random dipole orientation
leads to reduced or cancelled
net effects

Requires tilt control and
dipole density regulation for
effective energy level tuning

Design self-orienting molecules; utilize
supramolecular or liquid crystal
ordering; apply templating surfaces

Chemical stability Degradation under combined
environmental and
operational stress, solvents,
and radicals

Head group or backbone
cleavage; nucleophilic/
electrochemical attack

Use redox-inert anchors (phosphonates),
p-conjugated backbones, and cross-
linkable tail groups

Mechanical robustness Delamination and cracking on
volume-changing electrodes

Thin, brittle SAMs cannot
accommodate strain during
cycling

Develop exible, adaptive interfacial
layers; embed SAMs within polymer or
inorganic overcoats

Functionality retention Loss of the dipole effect due to
reorientation or breakdown

Dynamic cycling alters
alignment or introduces
defects

Stabilize dipole orientation via
interlocking moieties or interfacial
connement

Characterization
limitations

Lack of real-time insight into
SAM behaviour during cycling

Conventional methods miss
orientation, degradation, or
ionic permeability

Employ in situ/operando tools (e.g., EC-
XPS, VSFG, and EC-AFM) for monitoring

Computational
prediction

Trial-and-error in molecule
selection

Complex surface–molecule
interactions not easily
generalizable

Use DFT, MD, and ML models to predict
anchoring, dipole effects, and stability
under redox conditions

Integration into devices Incompatibility with
commercial processes or
multi-layer architectures

SAM fragility and poor
adhesion to active materials or
SEI layers

Create hybrid molecular–inorganic or
polymeric interfacial constructs; study
lifecycle effects
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Kelvin probe force microscopy and ambient photoemission
spectroscopy) can help monitor dipole alignment, SAM integ-
rity, and interfacial energetics in real time under bias and light
exposure.

� Interface engineering in all-vacuum processed tandems:
for vacuum-based tandem fabrication, integrating thermally
stable dipolar molecules or polymeric interlayers compatible
with vacuum sublimation steps (e.g., uorinated carbazole
derivatives) is critical. This requires co-optimization of interface
chemistry and the deposition process.

� Hybrid interface strategies: synergistic combinations of
SAMs with inorganic dipolar oxides (e.g., MoOx and NiOx) or 2D
materials (e.g., graphene oxide and h-BN) may offer a pathway to
combine molecular-level control with mechanical and thermal
robustness. Such hybrid interfaces can be particularly useful in
multi-junction architectures where interfacial engineering
requirements vary across subcells.

� Standardization and lifespan modelling: nally, systematic
aging studies and standardized degradation protocols (e.g.,
ISOS protocols) must be applied to evaluate SAM and dipolar
interface performance in realistic operating environments.
Incorporating such degradation data into predictive lifetime
models will be essential for reliable commercial deployment.
© 2026 The Author(s). Published by the Royal Society of Chemistry
7. Conclusions

The evolution of PSCs from laboratory curiosities to contenders
in the global energy portfolio has been driven not only by
advances in bulk materials but also by a growing recognition of
the critical role played by interfaces. In this light, self-
assembled monolayers (SAMs) and dipole-tailored interlayers
have emerged as powerful molecular tools, offering a level of
interfacial precision that conventional deposition strategies
cannot match. Their ability to tune energy levels, passivate
surface traps, and modulate wettability at the nanoscale repre-
sents a conceptual shi in device design one that places the
interface at the heart of photovoltaic optimization. Yet, this
promise is accompanied by a sobering set of practical chal-
lenges. SAMs, by virtue of their monolayer nature and reliance
on specic anchoring chemistries, are exquisitely sensitive to
substrate conditions, thermal budgets, and ambient degrada-
tion pathways. Their precise molecular ordering, which confers
many of their electronic advantages, also renders them fragile
as they are susceptible to desorption, reorientation, or chemical
breakdown under real-world operating conditions. Dipole-
tailored interlayers, while somewhat more adaptable in form
(e.g., ionic additives and molecular layers), are equally vulner-
able to temporal instabilities, with dipole dri, environmental
EES Sol., 2026, 2, 28–87 | 81
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reactivity, and interface reconstruction acting as persistent
bottlenecks.

This duality between molecular elegance and engineering
fragility denes the present state of SAM and dipole-based
interface engineering. Their integration into tandem perov-
skite architectures, in particular, magnies these challenges.
Tandem devices impose stricter demands: higher processing
temperatures, cumulative mechanical stress, and complex
interlayer compatibility between the subcells. Here, the inter-
face must not only align energy bands but also remain electri-
cally benign, thermally stable, chemically inert, and physically
uniform across large areas all the while preserving manu-
facturability. However, it is in these very constraints that the
next phase of innovation may arise. The path forward likely lies
not in abandoning molecular interface strategies, but in reim-
agining them – moving from static, passive interlayers to
dynamic, multifunctional systems. For SAMs, this might involve
the development of covalently graed or metal-chelating
architectures that resist desorption and offer thermal resil-
ience, even during top-cell processing. For dipolar interlayers,
the future may lie in stimuli-responsive molecules, capable of
self-correcting alignment under operational elds, or in
molecular systems that can adaptively tune their dipole
moments in response to device stressors. Moreover, the inte-
gration of data-driven design principles leveraging machine
learning, high-throughput computational screening, and in situ
spectroscopic diagnostics offers a new lens through which these
materials can be engineered. Instead of laboriously trialing
molecules one at a time, future research could map vast
chemical spaces for interface modiers that are not only elec-
tronically ideal, but also synthetically accessible, environmen-
tally robust, and industrially scalable. Another promising
avenue is the convergence of molecular and inorganic interface
strategies. Hybrid interlayers that combine the specicity of
SAMs with the robustness of 2Dmaterials or the conformality of
atomic layer deposition (ALD) coatings could offer the best of
both worlds. Such hybridized architectures may allow for
interfacial environments that are not only energetically opti-
mized but also mechanically and chemically buffered paving
the way for the kind of long-lived, high-efficiency tandem device
needed for commercial viability.

In a broader context, the eld must come to terms with the
reality that interface engineering is not a “layer-by-layer” addi-
tion, but a systems-level challenge. The performance of an
interfacial layer is inextricably linked to everything that comes
before and aer it like deposition methods, perovskite crystal-
lization, adjacent transport layers, and even encapsulation
strategies. As such, future work on SAMs and dipole interlayers
must transcend material formulation and be embedded within
holistic device engineering frameworks. In sum, SAMs and
dipolar layers stand at a crossroad. Their track record in
enhancing single-junction devices has been substantial; their
potential in enabling the next generation of tandem photovol-
taics is profound. But fullling this promise will require not
incremental tweaking, but radical rethinking of their chemistry,
their function, and their role within the device stack. It will also
demand deeper collaboration between synthetic chemists,
82 | EES Sol., 2026, 2, 28–87
device physicists, and process engineers each bringing their
perspective to the complex, multidimensional problem of
interfacial design. If such convergence can be achieved, SAMs
and dipolar layers may cease to be mere interfacial modiers
and instead become the molecular architects of a scalable solar
future.
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