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Abstract

CsPbI2Br, an all-inorganic cesium–lead mixed-halide perovskite, has established itself as
a leading contender for next-generation photovoltaics, owing to its near-optimal direct
bandgap, exceptional thermal stability, and favorable optoelectronic characteristics. These
attributes make it a versatile candidate for both high-efficiency single-junction devices and
wide-bandgap top cells in tandem architectures with silicon or low-bandgap perovskites.
However, the commercialization of CsPbI2Br perovskite solar cells (PSCs) is severely hin-
dered by inherent interfacial challenges, including halide segregation under operational
stress, high density of interfacial defects, energy-level misalignment between the perovskite
and charge transport layers (CTLs), and chemical incompatibility at hetero-interfaces.
These factors limit power conversion efficiency (PCE) and long-term operational stability.
Interface engineering has thus become the pivotal strategy to address these bottlenecks, en-
abling transformative improvements in device performance. This review comprehensively
summarizes the state-of-the-art interface engineering strategies for CsPbI2Br PSCs, includ-
ing molecular passivation, construction of 2D/3D heterostructures, design of composite
interlayers, and development of dopant-free, stable CTLs. The underlying mechanisms
of defect passivation, non-radiative recombination suppression, energy-level alignment
optimization, and ion migration inhibition are systematically elucidated. Furthermore, we
discuss critical remaining challenges, including the trade-off between phase stability and
optoelectronic quality, interfacial delamination due to thermal expansion mismatch, and
scalable fabrication of interface-modified large-area devices. Finally, future research direc-
tions are proposed, emphasizing the development of multifunctional interfacial materials,
all-inorganic interface architectures, in situ characterization combined with computational
modeling, and integration into tandem photovoltaic systems. By consolidating current
knowledge and highlighting promising frontiers, this review aims to guide the rational
design of high-performance, stable, and commercially viable CsPbI2Br PSCs, accelerating
their role in the global transition toward renewable energy.

Keywords: CsPbI2Br perovskite solar cells; interface engineering; defect passivation; energy
level alignment; charge transport layers
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1. Introduction
The global transition towards a carbon-neutral future has galvanized unprecedented

innovation in renewable energy technologies, with photovoltaics (PV) standing as a pivotal
pillar for sustainable power generation [1]. Among emerging PV materials, metal-halide
PSCs have instigated a paradigm shift over the past decade. Due to their exceptional
optoelectronic properties, such as high absorption coefficients, long charge-carrier diffusion
lengths, and tunable bandgaps, and coupled with their facile and low-cost solution pro-
cessability, PSCs have achieved certified PCEs exceeding 26% for single-junction devices,
competing with the established silicon technology [2–4]. However, the commercial viabil-
ity of dominant organic–inorganic hybrid perovskites (e.g., MAPbI3, FAPbI3) is critically
hampered by their intrinsic instability under thermal stress, moisture, and continuous
illumination, largely due to the volatile nature of organic A-site cations (MA+, FA+) [5,6].

In response, all-inorganic cesium–lead halide perovskites (CsPbX3, X = I, Br, Cl) have
emerged as highly attractive alternatives, offering superior thermal and phase stability
while preserving excellent optoelectronic performance [7]. Within this family, cesium–lead
mixed halide CsPbI2Br has garnered significant attention as a frontrunner for practical
applications. CsPbI2Br uniquely amalgamates a near-ideal direct bandgap of ~1.9 eV,
which is well-matched to the AM 1.5G solar spectrum, with remarkable thermal stability,
maintaining its photoactive cubic (α) phase at temperatures exceeding 300 ◦C, far surpass-
ing the degradation thresholds of hybrid analogues [8,9]. This combination makes it an
optimal candidate not only for efficient single-junction cells but also as a high-performance
wide-bandgap top cell in tandem architectures with silicon or low-bandgap perovskite
bottom cells [10–12].

Despite these intrinsic merits, the performance of CsPbI2Br PSCs is fundamentally
constrained by a series of interfacial challenges that limit both efficiency and long-term
operational stability, which constitutes the primary bottleneck for their commercializa-
tion [13,14]. First, halide segregation under operational biases (light, heat, electric field)
leads to the formation of iodine-rich and bromine-rich domains, causing local bandgap
fluctuations and exacerbating non-radiative recombination losses. This phenomenon is
particularly detrimental to the stability of tandem cells [15]. Second, a high density of
interfacial defects, including iodine vacancies (VI), bromine vacancies (VBr), and underco-
ordinated Pb2+ ions, serves as Shockley–Read–Hall (SRH) recombination centers, which
severely restricts the achievable open-circuit voltage (Voc) [16]. Advanced simulations high-
light the complex role of specific defects, with VI significantly reducing carrier lifetimes [17].
Third, energy-level misalignment between CsPbI2Br and adjacent CTLs creates significant
barriers for charge extraction, which results in carrier accumulation, an increase in series
resistance, and losses in the fill factor (FF) [18]. Fourth, chemical incompatibility and redox
reactions at interfaces, such as those between metal oxide hole transport layers (HTLs)
like nickel oxide (NiOx) and halide ions, can lead to accelerated degradation and phase
instability [19]. These interfacial issues have limited the champion PCEs of single-junction
CsPbI2Br PSCs to the range of 16–18%, which is still below their theoretical potential [20,21].

Interface engineering has consequently risen as the cornerstone strategy to address
these multifaceted challenges. This is because the performance, stability, and scalability
of PSCs are primarily determined by the physicochemical properties of crucial hetero-
interfaces, such as ETL/CsPbI2Br, CsPbI2Br/HTL, and electrode/CTL junctions [22]. Ratio-
nal design and modification of these interfaces have enabled transformative breakthroughs,
such as molecular passivation via tailored self-assembled monolayers (SAMs), ionic liquids
(ILs), or functional small molecules, as well as the construction of 2D/3D heterostructures
or composite interlayers. Moreover, the development of dopant-free, stable CTLs has been
deployed to simultaneously passivate defects, optimize energy-level alignment, suppress
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ion migration, and enhance interfacial adhesion [23,24]. For example, acetate-assisted mod-
ification of titanium dioxide (TiO2) ETLs with Zn(Ac)2 has been shown to passivate oxygen
vacancies and regulate the crystallization of CsPbI2Br, thereby boosting the PCE of carbon-
based devices [25]. Similarly, molecular passivators coordinate with undercoordinated
Pb2+, thereby enhancing film quality and device performance [26].

Nevertheless, significant hurdles still persist. The inherent trade-off between phase
stability and optoelectronic quality in CsPbI2Br, its susceptibility to interfacial delamination
due to thermal expansion mismatch, and the scalability of lab-based interface engineering
to industrially viable, large-area fabrication processes remain critical challenges [27,28].
Future progress is contingent upon the development of multifunctional interfacial materials
that can simultaneously address defect passivation, band alignment, chemical stabiliza-
tion, and mechanical reinforcement, as guided by advanced in situ characterization and
computational modeling [29,30].

This review provides a comprehensive and focused analysis of the latest advances
in interface engineering for CsPbI2Br PSCs. We commence with an overview of funda-
mental device architectures (n-i-p and p-i-n) and the pivotal functional roles of interfaces
in charge dynamics and degradation pathways. Subsequently, we present a systematic
examination of state-of-the-art engineering strategies for each critical interface, elucidating
the underlying mechanisms of defect passivation, recombination suppression, and stability
enhancement. This is followed by a critical discussion on persistent challenges and future
research directions, emphasizing multifunctional design, all-inorganic interfaces, scalable
processing, and integration into tandem photovoltaic systems. By consolidating current
knowledge and highlighting promising frontiers, this review aims to serve as a founda-
tional resource to accelerate the development of efficient, stable, and commercially viable
CsPbI2Br-based solar cells. Figure 1 summarizes of interface engineering strategies, key
challenges, and future directions for CsPbI2Br PSCs.

Figure 1. Summary of interface engineering strategies, key challenges, and future directions for
CsPbI2Br PSCs.
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2. The Device Architecture and Interface Functions of PSCs
2.1. Device Architecture

The evolution of PSCs is driven by device structural innovation, with interface engi-
neering as the key enabler. Originating from DSSCs, the first breakthrough in 1979 modified
a TiO2 electrode with a ruthenium complex for visible light sensitization [31], but suffered
from low photocurrent due to limited dye chemisorption on the flat surface [32]. In 1991,
O’Regan and Grätzel introduced a mesoporous TiO2 layer [33], which vastly increased the
surface area, enhancing dye loading and the semiconductor interface. This architecture
(mesoporous TiO2/dye/liquid I−/I3

− electrolyte/counter electrode) achieved a PCE of
7.1–7.9%. However, the liquid electrolyte introduced critical interface issues, including high
recombination at the TiO2/electrolyte interface, corrosiveness, and leakage, prompting the
shift toward solid-state alternatives [34].

The initial PSSC used MAPbI3 (Figure 2A) as a sensitizer on TiO2 with a liquid
electrolyte, achieving 3.8% PCE but suffering from corrosion and interface degradation [35].
Replacing the liquid electrolyte with a solid organic HTL (Spiro-OMeTAD) eliminated these
issues, stabilized the perovskite/HTL interface, and raised PCE to 9.7% [36,37]. A major
shift occurred when perovskites were redefined as active thin-film semiconductors rather
than sensitizers. Snaith and colleagues replaced mesoporous TiO2 with a dielectric Al2O3

scaffold and deposited a MAPbI3−xClx layer as the light-absorbing component, achieving
10.9% PCE and establishing PSCs as a distinct technology [37]. Subsequent work showed
that the mesoporous scaffold was unnecessary, leading to planar heterojunction structures
with direct ETL/perovskite/HTL stacking, which reduced interfacial resistance from grain
boundaries while preserving efficient charge separation (Figure 2A) [38]. Today, two main
configurations dominate: conventional n-i-p and inverted p-i-n (Figure 2A). Both feature
a perovskite absorber between ETL and HTL, but layer order dictates charge flow and
interfacial properties.

In n-i-p (ETL/perovskite/HTL on TCO), light enters through the TCO and ETL. Pho-
togenerated electrons move to the ETL and holes to the HTL, requiring precise energy-level
alignment (Figure 2B). The ETL’s conduction band (CB) should be slightly below that of the
perovskite for spontaneous electron injection, while the HTL’s valence band (VB) must align
with the perovskite’s VB for hole extraction [39]. Mismatches cause carrier accumulation
and recombination [40,41]. The mesoporous n-i-p variant, derived from DSSCs, uses a
compact TiO2 layer plus a mesoporous TiO2 scaffold. TiO2 offers high mobility and stability,
enabling a certified 14.1% PCE in 2013 [42]. However, high-temperature sintering (~500 ◦C)
restricts flexible substrates like PET [43], and the large surface area introduces abundant
defect sites (e.g., oxygen vacancies) that act as recombination centres. Surface passivation
with self-assembled monolayers or oxide nanoclusters reduces trap states [44,45]. Insu-
lating scaffolds such as ZrO2 or Al2O3, though not electron-transporting, improve Voc

by reducing recombination at the perovskite/scaffold interface [37,46]. The planar n-i-p
architecture eliminates the mesoporous layer, enabling low-temperature processing and
simpler fabrication. Early planar devices suffered from poor perovskite coverage and
voids [47], but optimized annealing raised efficiency to 11.4% [48], and thermal evaporation
of perovskite yielded more homogeneous films with 15.4% [49]. Low-temperature SnO2

ETLs, processed via solution methods below 150 ◦C, achieved 17.2% [50], and surface pas-
sivation with phenethylammonium iodide (PEAI) boosted certified efficiency to 23.3% [24].
For HTLs, Spiro-OMeTAD remains the benchmark due to its good hole mobility and en-
ergy alignment, despite its high cost and moisture sensitivity [37]. Fluorinated isomeric
analogues have pushed PCEs beyond 24.8% [39]. Inorganic NiOx offers improved stability
and lower cost though its efficiency still trails optimized Spiro-OMeTAD devices in many
configurations [51–53]. State-of-the-art n-i-p PSCs now exceed 25% using FAPbI3-based
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perovskites with a bandgap of 1.48 eV [54]. Persistent challenges include high-temperature
fabrication requirements for mesoporous architectures, pinhole-induced shunting hazards
in planar devices, and poor operational stability of HTL. Future efforts focus on flexible
substrates, earth-abundant HTLs, and multifunctional interface engineering.

Figure 2. (A) Schematic illustration of perovskite solar cell development, device architectures
(mesoporous, planar n–i–p, p–i–n). (B) Energy level alignment of transparent electrodes, ETLs,
perovskite absorbers, and HTLs for evaluating band matching and charge transport properties.
Reproduced or adapted from [16], with permission from Springer Nature, 2023.

The inverted p-i-n structure (HTL/perovskite/ETL on TCO, Figure 2A) has gained
prominence [55]. The HTL must efficiently extract holes and stabilize the HTL/perovskite
interface. Organic PEDOT:PSS is widely used for its solution processability, high trans-
parency, and low-temperature compatibility, but its intrinsic acidity (from PSS) and hy-
groscopicity degrade interfaces. Blending with polyTPD suppresses acid-induced reac-
tions [56]. Inorganic NiOx offers superior chemical stability and a tunable work function
(5.2–5.6 eV) [57]. Guo et al. pioneered NiOx in p-i-n devices [58], and Seok et al. achieved
17.3% via laser pulse deposition to improve film quality [59]. However, pristine NiOx

has low intrinsic conductivity and high defect density (e.g., oxygen vacancies), and it can
react with perovskite precursors, degrading the NiOx/perovskite interface [19,60]. Doping
strategies, such as with the molecular dopant F6TCNNQ, have enhanced conductivity
and optimised band alignment, yielding PCEs up to 22.1% [61]. For ETLs, the fullerene
derivative PCBM is common due to high electron mobility, favourable CB alignment, and
solution processability [62], but it can facilitate ion migration under prolonged illumination,
disrupting energy levels. Inorganic oxides ZnO and SnO2 offer better chemical stability [63].
Replacing PCBM with ZnO improved interfacial stability, and a fully inorganic ETL stack

https://doi.org/10.3390/chemistry8070089

https://doi.org/10.3390/chemistry8070089


Chemistry 2026, 8, 89 6 of 50

achieved 18.5% [64]. Proper energy alignment (Figure 2B) and minimal chemical reactivity
are essential for these ETL/perovskite interfaces.

Ultimately, device performance and stability are governed by four hetero-interfaces:
electrode/ETL, ETL/perovskite, perovskite/HTL, and HTL/electrode. Each requires opti-
mal energy-level alignment (Figure 2B) and defect passivation to suppress recombination
and ensure efficient charge extraction, which remain central to ongoing research.

Electrode/ETL and HTL/Electrode Interfaces: These interfaces govern charge collec-
tion efficiency. For instance, in n-i-p devices, the work function of the transparent electrode
(e.g., ITO, ~4.7 eV) must align well with the CB of the ETL (e.g., SnO2, ~4.2 eV) to minimize
energy barriers for electron injection. Similarly, in p-i-n architectures, efficient hole extrac-
tion depends on matching the electrode work function (e.g., Ag, ~4.3 eV) with the VB of
the HTL (e.g., PEDOT:PSS, ~5.2 eV). Mismatched energy levels at these contacts can lead to
Ohmic losses and reduce the FF.

ETL/Perovskite and Perovskite/HTL Interfaces: These interfaces are critical for charge
separation and extraction, directly influencing the Voc. An optimal offset (typically <0.3 eV)
between the CB of the ETL and that of the perovskite, such as between SnO2 (~4.2 eV)
and MAPbI3 (~3.9 eV), facilitates efficient electron injection while suppressing interfacial
recombination. Conversely, excessive offsets promote carrier accumulation and increase
recombination losses.

2.2. Working Mechanism

PSCs convert solar energy into electrical power through a series of photophysical
and electrochemical steps, in which the interfaces between the CsPbI2Br absorber and
CTLs critically influence charge-carrier behavior and device performance. The working
mechanism can be broken down into four interrelated processes, each modulated by
interfacial properties, as elaborated below.

Light Absorption: The process initiates with light absorption by the CsPbI2Br layer,
which has a bandgap of ~1.91 eV, enabling efficient capture of visible light up to M and
covering a significant portion of the AM 1.5 G solar spectrum (Figure 3A) [65]. Absorption
occurs as photons with energy above the bandgap excite electrons from the VB, which
is primarily composed of Pb 6s and I/Br np orbitals, to the CB, predominantly formed
by Pb 6p orbitals, thus creating holes in the VB [8,66]. A high absorption coefficient
(>104 cm−1) near the band edge allows effective light harvesting even with thin films
(~500–600 nm) [67]. This reduces the dependence on long carrier diffusion lengths and mit-
igates bulk recombination losses. However, the absorption efficiency is strongly dependent
on the film quality. Specifically, poor crystallinity or the presence of pinholes facilitates
light scattering, and grain boundaries act as defect nucleation sites that can propagate into
CTLs [8].

Exciton Dissociation: Photoabsorption generates excitons (electron–hole pairs) in the
absorber. Owing to its low exciton binding energy (<100 meV), CsPbI2Br enables spon-
taneous exciton dissociation into free charges in the bulk, without an external field [8,68].
Nonetheless, dissociation efficiency is highly sensitive to interfacial conditions. Poor elec-
trical contact with the ETL or HTL distorts the local electric field, impeding separation.
Furthermore, interfacial defects such as iodine vacancies (VI) or undercoordinated Pb2+

ions act as non-radiative recombination centers, quenching excitons and reducing free
carrier density [16,69].

Charge Transport and Interface Dynamics: Once separated, free electrons and holes
must transfer the CsPbI2Br/CTL interfaces efficiently to minimize recombination. This
depends on two main factors: energy level alignment and interfacial defect density. For ef-
fective electron extraction, the ETL should have a conduction band minimum (CBM) slightly
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lower than that of CsPbI2Br (~−3.9 eV). Materials such as SnO2 (CBM ~−4.0 eV) and TiO2

(CBM ~−4.2 eV) provide favorable band offsets, promoting electron transfer [8]. Simi-
larly, the HTL should have a valence band maximum (VBM) higher than that of CsPbI2Br
(~−5.8 eV); NiOx (VBM ~−5.4 eV) and poly(triarylamine) (PTAA) (VBM ~−5.2 eV) facili-
tate hole extraction [16,57]. Misaligned energy levels cause significant losses. For instance,
an overly low-lying CBM in TiO2 (>−4.3 eV) introduces an energy barrier, leading to
electron accumulation and enhanced recombination (Figure 3B) [16,53]. An incompatible
HTL can form a Schottky barrier, blocking hole extraction and reducing both Jsc and Voc

(Figure 4A) [70]. Common intrinsic defects at CsPbI2Br interfaces, including VCs, VI, VBr,
and antisite defects such as PbCs, originate from incomplete crystallization or chemical
reactions with CTLs [71]. These introduce trap states that capture carriers, prolonging
interface residence and increasing recombination probability [16,19,72].

Figure 3. (A) Device structure and energy levels diagram of CsPbI2Br/organic TSCs, UV−vis spectra
of CsPbI2Br, D18:Y6 and PM6:Y6 films. Reproduced or adapted from [65], with permission from
Elsevier, 2022. (B) Bulk and interfacial non−radiative recombination currents at open−circuit as
obtained on nip and pin−type cells with nearly flat quasi−Fermi levels and illustrates a solar cell as
bucket with holes where the water level represents the cells’ VOC. Reproduced or adapted from [53],
with permission from Royal Society of Chemistry, 2019.

Charge Collection at Electrodes: After crossing the CTLs, carriers are collected at the
electrodes. The front electrode (e.g., FTO or ITO) collects electrons from the ETL, and
the back electrode (e.g., Au or carbon) collects holes from the HTL. The quality of these
interfaces also affects device performance: poor adhesion between ITO and SnO2 increases
series resistance (Rs) and reduces FF, whereas ohmic contact between PTAA and Au enables
efficient hole collection. Carbon electrodes are attractive due to their stability and low cost,
but their work function (~−5.0 eV) often mismatches with HTLs (e.g., PTAA at ~−5.2 eV).
Interface modifications, such as SAMs, can mitigate this. For instance, a 2PACz SAM
on carbon adjusts its work function to ~−5.2 eV, matching PTAA’s VBM and facilitating
barrier-free hole extraction (Figure 4C) [70].
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Figure 4. (A) Schematic representation of the band edge positions of the investigated HSCs based on
values from UPS measurements, referenced to the vacuum level. Reproduced or adapted from [70],
with permission from Royal Society of Chemistry, 2019. (B) Summary of absPL and TrPL measure-
ments. Reproduced or adapted from [70], with permission from Royal Society of Chemistry, 2019.
(C) Energy level diagram of the device and illustration of a dipole layer near the interface between
the perovskite layer and CsAc/SnO2 hybrid layer. Reproduced or adapted from [73], with permission
from American Chemical Society, 2025. (D) Schematic structure of the inverted PSC with a 2D/3D
hybrid structure. Reproduced or adapted from [74], with permission from American Chemical
Society, 2021. (E) Proposed mechanism illustrating 2−ThPy mediated perovskite crystal growth and
defect passivation. Reproduced or adapted from [75], with permission from Wiley−VCH, 2020.

2.3. Interface Function of PSCs

Interfaces in PSCs serve as critical junctions that govern charge dynamics, materials
compatibility, and long-term device stability. Interactions at the interfaces with ETLs, HTLs,
and electrodes directly influence key performance parameters, such as Voc, Jsc, FF, and
PCE, as well as device lifetime. This section elaborates on the core roles of major inter-
faces in PSCs, including ETL/perovskite, perovskite/HTL, and electrode/CTLs interfaces,
integrating fundamental mechanisms with recent experimental insights.

Energy Level Alignment: Proper energy level alignment is essential for efficient charge
separation and extraction in PSCs. Mismatched energy bands between the perovskite and
CTLs introduce energy barriers that lead to charge accumulation, increased recombination,
and significant Voc losses. Interface engineering aims to adjust the work function of
transport materials or introduce dipole layers to align the CBM of the ETL and the VBM
of the HTL with the CBM (~−3.9 eV) and VBM (~−5.8 eV) of CsPbI2Br, respectively. At
the ETL/CsPbI2Br interface, metal oxides such as SnO2, TiO2, and ZnO are commonly
used. However, their intrinsic work functions often misalign with those of CsPbI2Br. For
instance, pristine SnO2 has a work function around −4.6 eV, resulting in a small but non-
negligible electron extraction barrier [73]. Modification with SAMs or metal halides can
tune SnO2’s work function closer to −4.0 eV, thereby minimizing the energy barrier and
improving Jsc (Figure 4A). Similarly, at the CsPbI2Br/HTL interface, p-type materials like
NiOx, PTAA, and P3HT often suffer from Fermi-level pinning caused by surface defects,
which compromises built-in potential. For example, untreated NiOx has a work function
near −5.3 eV, which is higher than the VBM of CsPbI2Br, creating a hole injection barrier.
Introduction of interfacial modifiers, such as certain dyes, can passivate defects and adjust
the work function of NiOx to approximately −5.6 eV, narrowing the energy barrier for hole
extraction (Figure 4A) and significantly improving both Voc and PCE. The mixed-halide
composition of CsPbI2Br (I−/Br−) also influences energy alignment [76]. Bromide tends
to enrich at interfaces due to its lower migration energy, potentially widening the local
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bandgap by 0.05–0.1 eV. Halide-uniformity treatments can mitigate this effect (Figure 4B)
and ensure consistent energy alignment across the interface.

Charge Dynamics Regulation: Charge dynamics at CsPbI2Br interfaces, including
injection, transport, and recombination, directly affect Jsc and FF. The goal of interface mod-
ification is to suppress trap-assisted SRH recombination and enhance charge extraction,
taking advantage of the high intrinsic carrier mobility of CsPbI2Br. Reducing interfa-
cial resistance is key to facilitating charge transfer. For example, modifying SnO2 with
fullerene derivatives can create efficient charge-transport channels, significantly reducing
charge transfer resistance and accelerating electron extraction [77]. At the perovskite/HTL
interface, conjugated polymers can coordinate with unsaturated Pb2+ sites on the per-
ovskite surface while providing efficient pathways for hole transport, leading to higher
hole mobility and improved Jsc and FF [78]. Non-radiative recombination at interfaces,
often caused by deep-level traps such as Pb2+ vacancies and iodide interstitials, is a major
source of Voc loss. Interface passivation strategies involving Lewis base molecules or halide
salts can effectively neutralize these defects. For instance, treatment with PEAI forms a
thin two-dimensional perovskite layer that passivates iodine vacancies and coordinates
with undercoordinated Pb2+, markedly reducing interface trap density and non-radiative
recombination (Figure 4D) [74].

Defect Passivation: CsPbI2Br perovskite films inherently contain defects such as
unsaturated Pb2+ ions, halide vacancies, and grain boundary defects, which arise from
rapid crystallization and lattice mismatch with adjacent layers. These intrinsic defects act
as non-radiative recombination centers and facilitate ion migration, thereby detrimentally
impacting device performance. Interface engineering emerges as an effective strategy
to passivate such defects through chemical bonding or physical encapsulation. Notably,
surface defects are particularly deleterious because they directly interact with CTLs. To
address this issue, a variety of passivating agents have been developed to specifically
target surface defects. Molecules containing Lewis base functional groups (e.g., oxygen,
nitrogen, or sulfur donors) can form chelates with unsaturated Pb2+ through Pb-O bonds.
(Figure 4E) [75]. Grain boundaries, on the other hand, are enriched with halide and cation
vacancies, which promote carrier recombination and ion migration. Infiltrating passivating
agents into these grain boundary regions, such as polymers that form hydrogen bonds with
perovskite components or coordinate with Pb2+ ions, can significantly reduce the trap state
density and inhibit ion diffusion. These improvements ultimately lead to enhanced FF and
superior operational stability of perovskite devices.

Enhancing Chemical Stability: CsPbI2Br remains vulnerable to degradation from mois-
ture, oxygen, and heat, with interfaces being primary failure points. Protective interlayers
can shield the perovskite from environmental factors and suppress detrimental interfacial
reactions. Hydrophobic interface layers can significantly reduce water ingress, preventing
phase transition from the photoactive phase to a non-perovskite phase. Inorganic oxide
layers deposited via atomic layer deposition can serve as oxygen barriers, inhibiting oxida-
tion of Pb2+ and formation of deleterious byproducts [79]. Direct contact between CsPbI2Br
and metal oxides can trigger redox reactions, leading to corrosion and decomposition.
Inserting a buffer layer can physically separate the materials and prevent harmful chemical
interactions, greatly improving thermal stability [80,81].

Maintaining Mechanical Integrity: Mismatches in the coefficients of thermal expansion
between CsPbI2Br and CTLs can induce mechanical stress during thermal cycling, leading
to interface delamination and device failure. Interface engineering enhances adhesion
through chemical bonding or compliant interlayers. Coupling agents that form covalent
bonds with both the transport layer and the perovskite can increase interfacial toughness
and resistance to thermal cycling. Soft polymer interlayers can act as molecular cushions,
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absorbing thermomechanical stress and improving device flexibility and durability under
repeated bending or temperature variations [82].

3. Interface Engineering
3.1. CsPbI2Br/Carbon

For carbon-electrode perovskite solar cells (C-PSCs) based on CsPbI2Br, interface engi-
neering at the CsPbI2Br/carbon interface represents a critical strategy to optimize device
performance. Extensive research efforts have focused on modifying this interface via vari-
ous functional molecules and composite materials, with core mechanisms encompassing
defect passivation, energy level alignment regulation, suppression of non-radiative recom-
bination, and enhancement of charge carrier transport efficiency, all of which contribute to
significant improvements in photovoltaic performance. Table 1 summarizes the progress in
interfacial modification and photovoltaic performance of carbon-electrode CsPbI2Br PSCs.

Functional Molecule Modification: Early studies explored the potential of heteroatom-
containing organic molecules for interface passivation. Notably, a pioneering work
demonstrated that sulfur-containing N-phenylthiourea (PTU) and oxygen-containing N-
phenylthiourea (PU) were effective modifiers for the CsPbI2Br/carbon interface. Specif-
ically, the S and O atoms in these molecules could coordinate with Pb2+ ions in the per-
ovskite lattice, which not only adjusted the VB position of CsPbI2Br but also improved
its crystalline quality. Simultaneously, the defect state density of the perovskite film was
substantially reduced, thereby suppressing non-radiative recombination. Consequently,
the PTU-modified device with the configuration ITO/SnO2/CsPbI2Br/(PTU/PU)/Carbon
achieved a PCE of 13.01% (Figure 5A), with a Jsc of 14.83 mA/cm2, a Voc of 1.22 V, and an
FF of 72%. In comparison, the PU-modified device exhibited a slightly lower PCE of 12.62%,
with a Jsc of 14.66 mA/cm2, a Voc of 1.2 V, and an FF of 72% [83]. Subsequent studies
further expanded the repertoire of functional molecule modifiers and refined modification
strategies. One representative work adopted a dual-interface modification approach by
introducing potassium trifluoroacetate (KTFA) and 4-trifluorophenylmethylamine bromide
(CF3PMBr) above and below the perovskite layer, respectively, fabricating a device with the
structure ITO/SnO2/KTFA/CsPbI2Br/CF3PMBr/Carbon. This dual modification yielded
a remarkable PCE of 14.05%, with a Jsc of 14.98 mA/cm2, a Voc of 1.273 V, and an FF of
73.7% (Figure 5B). Mechanistic analysis revealed that TFA− ions were localized at the
SnO2/CsPbI2Br interface, while a small amount of K+ ions diffused into the perovskite lat-
tice to facilitate nucleation and crystallization, in which this synergistic process optimized
interfacial energy levels, passivated defects, relieved internal strains, and inhibited charge
recombination and ion migration. Meanwhile, CF3PMBr effectively passivated I/Br vacan-
cies and formed a two-dimensional perovskite capping layer, which significantly promoted
hole extraction at the CsPbI2Br/carbon interface [84]. Another study employed 4-amino-
tetrahydropyran bromide (ATHPBr) as an electric dipole layer to modify the CsPbI2Br film
surface. This modification strategy achieved multiple beneficial effects: promoting hole col-
lection, blocking electron backflow, optimizing energy level matching for directional charge
transfer, and forming strong coupling between ATHP cations and Cs+ vacancies, thus effec-
tively passivating lattice defects of CsPbI2Br and reducing non-radiative recombination
losses. Additionally, ATHPBr treatment suppressed edge trap states, thereby enhancing the
light absorption capacity of the perovskite film. As a result, the PCE of the modified device
(ITO/TiO2/CsPbI2Br/ATHPBr/Carbon) was enhanced from 12.78% to 14.50% (Figure 5C),
with a Jsc of 14.28 mA/cm2, a Voc of 1.3 V, and an FF of 78.11% [85]. Recent advances in
functional molecule modification have further enriched the types and functional diversity
of modifiers. Two independent studies introduced 2,2,2-trifluoroethylamine hydrochloride
(F3EACl) and neostigmine bromide (NMB) as interface modifiers, respectively. F3EACl,
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endowed with a permanent dipole moment, achieved a synergistic effect of dielectric
shielding and defect passivation at the CsPbI2Br/carbon interface. The high dipole mo-
ment of F3EA+ accelerated dielectric response, strengthened dielectric shielding to inhibit
non-radiative charge recombination, while the -NH3

+ groups passivated surface defects to
reduce defect-induced carrier loss. These effects synergistically led to a PCE of 14.69% for
the F3EACl-modified device (Figure 5D) (FTO/SnO2/CsPbI2Br/F3EACl/Carbon), with a
Jsc of 14.60 mA/cm2, a Voc of 1.28 V, and an FF of 78.62% [86]. In contrast, NMB modification
targeted the CsPbI2Br perovskite layer directly, reducing defect density, optimizing energy
level alignment with the carbon electrode, promoting recrystallization of intrinsic phase
segregation on the film surface to enhance crystal strength and stability, and filling halide
vacancies via Br− ions. The NMB-modified device (FTO/SnO2/CsPbI2Br/NMB/Carbon)
achieved a PCE of 14.15% (Figure 5E), with a Jsc of 14.32 mA/cm2, a Voc of 1.24 V, and an
FF of 79.73% [87].

Figure 5. (A) Schematic diagram of a CsPbI2Br PSCs with the structure ITO/SnO2/CsPbI2Br/PTU
or PU/Carbon and chemical structure of PTU and PU. Reproduced or adapted from [83], with
permission from Elsevier, 2021. (B) Possible passivation mechanism of CF3PMABr post−treatment.
Reproduced or adapted from [84], with permission from Wiley−VCH, 2022. (C) Electro−static
potential (ESP) map of ATHP+ cation on the left and schematic illustration of the ATHP+ arrangement
on the CsPbI2Br lattice on the right. Reproduced or adapted from [85], with permission from
Elsevier, 2022. (D) Schematic representation of hole capture by charged defects in pristine and
F3EACl−modified perovskite film. Reproduced or adapted from [86], with permission from Elsevier,
2024. (E) Preparation process diagram of CsPbI2Br C−PSCs. The control and NMB−treated CsPbI2Br
PSCs. Reproduced or adapted from [87], with permission from Elsevier, 2024. (F) Schematic diagram
of synthesis strategy and crystal structure of Fe3O4@NC. XRD patterns. Reproduced or adapted
from [88], with permission from Elsevier, 2023. (G) Structure diagram. Reproduced or adapted
from [88], with permission from Elsevier, 2023. (H) Preparation flow chart of Fe3O4@NC and
flow chart of preparation of C−PSC:FTO/SnO2/CsPbI2Br/Fe3O4@NC/C. Reproduced or adapted
from [88], with permission from Elsevier, 2023.

A synchronous study applied benzoylcholine halides (BzChX, X = I, Br, Cl) for
CsPbI2Br/carbon interface modification, among which BzChI exhibited the most prominent
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performance. The BzChI-modified device (FTO/TiO2/CsPbI2Br/BzChI/Carbon) achieved
a PCE of 14.15%, with a Jsc of 14.63 mA/cm2, a Voc of 1.21 V, and an FF of 79.03%. The
underlying mechanism involved the coordination of halogen ions in BzChX with surface
halogen vacancies of perovskite, effectively passivating defects and reducing non-radiative
recombination. Moreover, BzChI and BzChBr modification induced the formation of a
low-dimensional (LD)/three-dimensional (3D) heterostructure on the perovskite surface,
which not only facilitated rapid hole extraction but also suppressed electron transfer to the
carbon electrode and charge recombination [89].

Composite Material Modification: Composite materials have emerged as promis-
ing candidates for CsPbI2Br/carbon interface modification due to their synergistic ad-
vantages from multiple components. A series of studies have demonstrated their su-
perior performance in optimizing interface properties. One work reported an ultravi-
olet ozone (UVO)-treated Fe3O4@NC composite (denoted as Fe3O4@NC UVO), where
the N element in the composite could passivate defects and enhance electron transfer
(Figure 5H). UVO treatment further endowed Fe3O4@NC UVO with increased adsorbed
oxygen, reduced surface energy, and enhanced hydrophilicity. When applied to modify
the CsPbI2Br/carbon interface, this composite effectively reduced the energy level mis-
match between CsPbI2Br and carbon, densified the perovskite film, improved interface
contact, and enhanced electron–hole separation efficiency (Figure 5F). Benefiting from these
improvements, the Fe3O4@NC UVO-modified device (FTO/SnO2/CsPbI2Br/Fe3O4@NC
UVO/Carbon) achieved a PCE of 12.25% (Figure 5G), with a Jsc of 15.31 mA/cm2, a Voc

of 1.26 V, and an FF of 64% [88]. A poly(3-hexylthiophene)-CsPbI3 QD (P-QD) composite
was proposed as the HTL at the CsPbI2Br/carbon interface. This composite formed a
graded energy level structure, which effectively inhibited non-radiative recombination and
enhanced hole extraction efficiency.

A key advantage of this composite lay in the ability of P3HT to replace the insulating
oleic acid (OA) ligands on the surface of CsPbI3 QDs, that hindered charge transport in
pristine QDs. This ligand exchange not only improved the stability of QDs but also facili-
tated charge extraction and transport. Additionally, the narrow bandgap of CsPbI3 QDs
broadened the light absorption range of the device. As a result, the P-QD-modified device
(FTO/TiO2/CsPbI2Br/P-QD/Carbon) achieved an impressive PCE of 15.04% (Figure 6A),
with a Jsc of 14.52 mA/cm2, a Voc of 1.309 V, and an FF of 79.11% [90]. Furthermore,
a carbon nanotube/poly(3-hexylthiophene) (CNT/P3HT, abbreviated as CP) composite
was synthesized for C-PSC fabrication. The strong π-π interactions between P3HT and
CNTs improved the crystallinity of P3HT and the dispersion of CNTs. Meanwhile, CNTs
provided high-speed hole transport channels within the CP composite, reducing charge
transport impedance and enhancing hole extraction efficiency. Moreover, the CP composite
constructed an effective graded energy level at the CsPbI2Br/carbon interface, which not
only boosted hole extraction but also inhibited reverse electron injection and recombination.
The CP-based C-PSCs (FTO/TiO2/CsPbI2Br/CP/Carbon) achieved a high PCE of 15.16%
(Figure 6B), with a Jsc of 14.63 mA/cm2, a Voc of 1.355 V, and an FF of 78.5% [91].

In addition to polymer-based composites, inorganic nanoparticle composites have
also been explored. A recent study reported that mixed Sb2S3/PbS nanoparticles (NPs)
could be uniformly distributed on the CsPbI2Br film surface. This modification strategy
improved the light absorption of the perovskite film, passivated surface defects, and
reduced non-radiative recombination. The introduction of PbS induced a downward
shift in the Fermi level (EF) of Sb2S3 NPs and an upward shift in their CBM and VBM,
which blocked reverse electron transfer from the perovskite to the carbon electrode and
suppressed electron–hole reverse recombination. Ultimately, the modified CsPbI2Br C-
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PSCs (Glass/FTO/TiO2/CsPbI2Br/Sb2S3/PbS NPs/Carbon) achieved a PCE of 14.73%
(Figure 6C) and demonstrated excellent environmental stability [92].

 

Figure 6. (A) Cross−sectional SEM image of each functional layer. Reproduced or adapted from [90],
with permission from Elsevier, 2023. (B) Schematic diagram and photograph of HTM−free, P3HT,
Li−doped P3HT, and CNT/P3HT−based CsPbI2Br C−PSCs. Reproduced or adapted from [91],
with permission from Springer, 2023. (C) Illustrative schematic for the modification of perovskite
films with Sb2S3 NPs and PbS NPs, OA stands for oleic acid ligand, OAm stands for oleoamine.
Reproduced or adapted from [92], with permission from Elsevier, 2025. (D) Mechanism diagram
of 1−B−3−MIMPF6 interfacial modification of CsPbI2Br perovskite films. Reproduced or adapted
from [93], with permission from Wiley−VCH, 2024. (E) Action mechanism diagram of BMIMOTf
interface modified perovskite. Reproduced or adapted from [94], with permission from Elsevier,
2025. (F) Mechanism diagram of CBA to improve stability. Reproduced or adapted from [95],
with permission from Wiley−VCH, 2021. (G) Possible chemical adsorption mode of CdSO4 and the
corresponding influencing mechanism on energy level. The solid box indicates the situation in this work.
Reproduced or adapted from [96], with permission from Elsevier, 2025. (H) The result of theoretical
calculation for the TiO2/perovskite interface. The interfacial binding energy and surface dipole moment
of TiO2 are also illustrated. Reproduced or adapted from [96], with permission from Elsevier, 2025.

Ionic Liquid Modification: Most recently, ILs have emerged as a new class of promising
modifiers for the CsPbI2Br/carbon interface, with several breakthrough studies reported.
Two independent studies, including work by Zhao et al., focused on the modification
effect of 1-benzyl-3-methylimidazolium hexafluorophosphate (1-B-3-MIMPF6) [93]. The
π-π conjugation between the imidazole-benzene ring and the benzene ring in the molecule
formed asymmetric charge centers, which effectively passivated Cs+ vacancies on the
perovskite surface. Meanwhile, PF6

− anions could re-coordinate with uncoordinated
Pb2+ ions to fill halide vacancies. This modifier also promoted carrier transport, reduced
non-radiative recombination, and enhanced film hydrophobicity. Consistent results from
both studies showed that the 1-B-3-MIMPF6-modified device (ITO/SnO2/CsPbI2Br/1-B-3-
MIMPF6/Carbon) achieved a PCE of 13.47% (Figure 6D), with a Jsc of 14.69 mA/cm2,
a Voc of 1.2 V, and an FF of 76%. Three sulfated ILs, 1-butyl-3-methylimidazolium
trifluoromethanesulfonate (BMIMOTf), tetraethylammonium trifluoromethanesulfonate
(TEAOTf), and 1-butyl-3-methylimidazolium methanesulfonate (BMIMMS), were system-
atically investigated for CsPbI2Br/carbon interface modification. These ILs exhibited
multiple beneficial effects, including defect reduction, energy level optimization, non-
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radiative recombination suppression, and carrier transport enhancement. Additionally,
they improved perovskite crystallinity, resulting in a smoother and denser film. Among the
three ILs, BMIMOTf exhibited the best modification effect. The BMIMOTf-modified device
(ITO/SnO2/CsPbI2Br/BMIMOTf/Carbon) achieved a PCE of 13.25% (Figure 6E), with a Jsc

of 15.13 mA/cm2, a Voc of 1.23 V, and an FF of 71.2%, along with excellent hydrophobicity
and long-term stability [94].

Table 1. Carbon-electrode CsPbI2Br PSCs: Interfacial Modification and Photovoltaic Performance.

Device Architecture Active Area
(cm2)

PCE
(%)

Jsc
(mA/cm2)

Voc
(V)

FF
(%) YearRefs.

ITO/ZnO-CsTFA/CsPbI2Br/Carbon 0.09 14.25 14.95 1.269 75.1 2023 [97]

FTO/TiO2/CsPbI2Br/P-QD/Carbon / 15.04 14.52 1.309 79.11 2023 [90]

FTO/SnO2/CsPbI2Br/Fe3O4@NC UVO/Carbon 0.08 12.25 15.31 1.26 64 2023 [88]

FTO/TiO2/CsPbI2Br/CP/Carbon / 14.16 14.63 1.335 78.5 2023 [91]

FTO/TiO2/PFPA/CsPbI2Br/Carbon 0.1256 14.15 14.4 1.21 79.07 2024 [98]

ITO/SnO2/PS/CsPbI2Br/Carbon / 13.11 14.12 1.25 74.5 2024 [99]

ITO/SnO2/CsPbI2Br/PABACd/Carbon 0.0525 14.34 14.5 1.27 77.96 2024 [100]

FTO/TiO2/Zn(Ac)/CsPbI2Br/Carbon 0.0706 14.2 14.49 1.226 79.95 2024 [25]

FTO/SnO2/CsPbI2Br/F3EACl/Carbon / 14.69 14.6 1.28 78.62 2024 [86]

FTO/SnO2/CsPbI2Br/NMB/Carbon / 14.15 14.32 1.24 79.73 2024 [87]

FTO/TiO2/CsPbI2Br/BzChX(X = I, Br, Cl)/Carbon 0.0706 14.15 14.63 1.21 79.03 2024 [89]

ITO/SnO2/CsPbI2Br/1-B-3-MIMPF6/Carbon 0.09 13.47 14.69 1.2 76 2024 [93]

FTO/TiO2/RbAc/CsPbI2Br/Carbon / 14.28 14.69 1.29 75.41 2025 [101]

ITO/SnO2/CsPbI2Br/BMIMOTf/Carbon / 13.25 15.13 1.23 71.2 2025 [94]

3.2. Electrode/ETL and Electrode/HTL Interfaces

In the research on electrode/ETL and electrode/HTL interfaces of CsPbI2Br PSCs,
interface modification has emerged as a pivotal strategy to optimize device performance.
Zhou et al. demonstrated that molybdenum trioxide (MoO3) serving as an interfacial layer
exerted multiple synergistic regulatory effects. Specifically, MoO3 not only optimized the
energy level alignment between adjacent functional layers but also efficiently suppressed
charge recombination. Notably, the relatively high CB of MoO3 constructed an electron
transport barrier, which not only mitigated charge recombination losses at the anode but
also facilitated the directional migration of charges. These combined effects significantly
enhanced the device performance. Consequently, the modified device with the structure
ITO/SnO2/CsPbI2Br/Spiro-OMeTAD/MoO3/Ag achieved a PCE of 14.05%, with a Jsc

of 15.4 mA/cm2, a Voc of 1.21 V, and an FF of 88.1%. Beyond photovoltaic performance
enhancement, the MoO3 interfacial layer also played a critical role in improving device
stability. It inhibited the diffusion of Ag atoms toward the perovskite layer and the migra-
tion of I− ions to the metal anode, thereby effectively boosting the long-term operational
stability of the device [102]. Similarly, 4-chlorobenzoic acid (CBA) has been exploited as an
anode modification layer for CsPbI2Br PSCs, yielding remarkable improvements in both
device performance and stability. In terms of performance optimization, CBA effectively
elevated the work function of the Ag electrode, which enhanced the efficiency of hole
extraction and suppressed non-radiative recombination at the interface. Moreover, the
introduction of the CBA layer significantly reduced the concentration of I− ions on the
electrode surface, thereby preventing the undesirable interfacial reaction between Ag and
I− ions (Figure 6F), which would form AgI and degrade device performance. As a result,
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the modified device with the structure ITO/SnO2/CsPbI2Br/Spiro-OMeTAD/CBA/Ag
achieved a PCE of 14.32%, with a Jsc of 15.17 mA/cm2, a Voc of 1.21 V, and an FF of 78%.
For stability enhancement, the hydrophobic nature of CBA fulfilled two key functions. It
prevented lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI), a key component in the
HTL, from absorbing moisture, and blocked the penetration of external water vapor, where
these dual effects synergistically enhanced the moisture stability of the device [95].

3.3. ETL/CsPbI2Br Interface in a Conventional n-i-p Structure

For CsPbI2Br PSCs with a conventional n-i-p architecture, interface engineering at the
ETL/CsPbI2Br junction has become a pivotal strategy for boosting device performance.
In recent years, numerous innovative modification materials and underlying mechanisms
have been reported, which primarily focus on optimizing energy level alignment, passi-
vating interfacial defects, regulating perovskite crystallization, and suppressing charge
recombination. Below, the latest advances in ETL/CsPbI2Br interface modification are
systematically summarized based on different ETL materials (TiO2, SnO2, and ZnO). Table 2
summarizes the reported ETLs and their optimization for CsPbI2Br PSCs.

TiO2-Based ETL/CsPbI2Br Interface Modification: TiO2 is a widely used ETL material
in CsPbI2Br PSCs. Modification of the TiO2/CsPbI2Br interface has also been extensively
explored to enhance device performance. Li et al. modified the TiO2 ETL with CdSO4 for
carbon-based CsPbI2Br PSCs, resulting in a device (FTO/TiO2-CdSO4/CsPbI2Br/Carbon)
with a PCE of 15.09% (Figure 6G), a Jsc of 16.16 mA/cm2, a Voc of 1.179 V, and an FF of
79.2% [96]. Their research revealed that SO4

2− ions from CdSO4 chemically adsorbed on
the TiO2 surface, facilitating electron extraction and optimizing energy level alignment at
both the FTO/ETL and ETL/CsPbI2Br interfaces. Specifically, the Fermi energy of TiO2

shifted downward, reducing the electron transport barrier between TiO2 and FTO, while
the upward shift in the perovskite energy band minimized electron accumulation at the
TiO2/CsPbI2Br interface and inhibited carrier recombination (Figure 6H). Earlier, Zhao
et al. prepared boronene QDs (BQDs) via ultrasound-assisted liquid-phase synthesis and
applied them to modify the TiO2/CsPbI2Br interface [103]. BQDs exhibited uniform size,
good dispersion, and high stability. They optimized the energy level arrangement between
TiO2 and the perovskite, promoting charge transfer. Furthermore, boron atoms in BQDs
interacted strongly with Ti4+ and Pb2+, achieving effective passivation of interface defects,
suppression of carrier recombination, extension of the average charge lifetime of perovskite
films, and reduction in defect density. These cumulative effects boosted device performance.
The BQDs-passivated device (FTO/TiO2/BQDs/CsPbI2Br/PTAA/Au) achieved a PCE of
15.31% (Figure 7A), with a Jsc of 15.18 mA/cm2, Voc of 1.28 V, and an FF of 78.54%. Treating
the TiO2 layer surface with a TiCl4/TiCl3 mixture also proved effective in improving device
performance [104]. The treated device (FTO/c-TiO2/CsPbI2Br/Carbon) reached a PCE
of 14.46% (Figure 7B), with a Jsc of 14.21 mA/cm2, a Voc of 1.28 V, and an FF of 79.4%.
TiCl4 inhibited the rapid hydrolysis of TiCl3 and optimized the surface roughness of TiO2,
facilitating CsPbI2Br crystal growth and reducing defects. Meanwhile, the hydrolysis
of Ti(III) introduced surface Cl doping, which enhanced the TiO2–perovskite interface
interaction, promoted electron transfer, and inhibited interface recombination.

Perfluoropropionic acid (PFPA) was employed to simultaneously passivate the
TiO2/CsPbI2Br interface, CsPbI2Br/carbon interface, and perovskite grain boundary de-
fects [98]. PFPA interacted strongly with both TiO2 and CsPbI2Br to form bridging buried
interfaces, improving charge transfer. It also passivated oxygen vacancies in TiO2, op-
timizing ETL electron mobility and band structure, and thus reducing non-radiative re-
combination. Additionally, PFPA diffused through grain boundaries to the upper sur-
face of the CsPbI2Br film, promoting energy level gradient alignment between the per-
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ovskite surface and the carbon electrode and relieving interfacial stress, all of which
contributed to the formation of high-quality perovskite films. The PFPA-modified C-IPSCs
(FTO/TiO2/PFPA/CsPbI2Br/Carbon) achieved a PCE of 14.15% (Figure 7C), with a Jsc of
14.4 mA/cm2, a Voc of 1.21 V, and an FF of 79.07%. Zinc acetate (Zn(Ac)2) was another
modifier applied to the TiO2 ETL surface [25]. The coordination between Ac− and Ti4+

in TiO2 passivated oxygen vacancy defects and optimized energy level alignment at the
TiO2/CsPbI2Br interface. Some Ac− ions dissolved in the CsPbI2Br precursor, coordi-
nating with Pb2+ to delay nucleation, increase film crystallinity and grain size, reduce
defects, and enhance electron extraction. These improvements enabled the optimized
device (FTO/TiO2/Zn(Ac)/CsPbI2Br/Carbon) to reach a PCE of 14.20% (Figure 7D), with
a Jsc of 14.49 mA/cm2, a Voc of 1.226 V, and an FF of 79.95%. Rubidium acetate (RbAc)
was also used to modify the TiO2 ETL for CsPbI2Br C-PSCs [101]. Ac− ions formed co-
ordination bonds with Pb2+ to reduce the crystallization rate and promote grain growth.
They also interacted with TiO2 surface oxygen vacancies and Ti4+ to passivate interface
defects and inhibit non-radiative recombination. Meanwhile, smaller-radius Rb+ ions filled
Cs+ vacancies in the perovskite lattice, improving crystal quality. The resulting device
(FTO/TiO2/RbAc/CsPbI2Br/Carbon) achieved a PCE of 14.28% (Figure 7E), with a Jsc of
14.69 mA/cm2, a Voc of 1.29 V, and an FF of 75.41%.

Figure 7. (A) The FTO/TiO2/BQDs/perovskite/Spiro−OMeTAD/Au device structure. Reproduced or
adapted from [103], with permission from Royal Society of Chemistry, 2021. (B) Schematics of molecular
structures of TiCl4, TiCl3 and their interaction with water. Reproduced or adapted from [104], with permis-
sion from Elsevier, 2021. (C) Schematic illustration of the stress relaxation. Reproduced or adapted from [98],
with permission from Elsevier, 2024. (D) Preparation process of Zn(Ac)2−modified TiO2/perovskite
interface. Reproduced or adapted from [25], with permission from Elsevier, 2024. (E) Schematic dia-
gram of the bidirectional thermal diffusion interfacial regulation mechanism of RbAc. Reproduced or
adapted from [101], with permission from Elsevier, 2025. (F) Charge density distribution plots of CsPbI2Br
(110) surface with an antisite defect. Reproduced or adapted from [105], with permission from Wiley−VCH,
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2019. (G) Schematic diagram of synergistic lattice regulation based on MACl perovskite additive
and KAc interface modifier. Reproduced or adapted from [106], with permission from Elsevier, 2023.
(H) The structural diagram of CsPbI2Br PSCs. Reproduced or adapted from [106], with permission
from Elsevier, 2023. (I) Schematic diagram of buried interface without PS and Schematic diagram of
the function of PS at the buried interface. Reproduced or adapted from [99], with permission from
Elsevier, 2024.

SnO2-Based ETL/CsPbI2Br Interface Modification: In addition to TiO2, SnO2 is an-
other material widely used as an ETL in CsPbI2Br PSCs due to its high electron mobility
and suitable CB position. However, the inherent defects on SnO2 surfaces and mismatched
energy levels at the SnO2/CsPbI2Br interface often limit device performance. To ad-
dress these issues, various modification strategies have been developed. For instance,
Tai et al. introduced an amino-functionalized polymer (PN4N) as an interfacial modi-
fier between the SnO2 ETL and CsPbI2Br perovskite, employing undoped PDCBT as the
HTL [107]. The uniform hydrophobic surface of PN4N was demonstrated to suppress
heterogeneous nucleation of the perovskite, thereby enhancing film crystallinity and re-
ducing defect density. Moreover, the SnO2/PN4N bilayer exhibited an elevated work
function, while PDCBT possessed a lower highest occupied molecular orbital (HOMO)
energy level. These characteristics enabled excellent matching with the CB and VB of
CsPbI2Br, respectively, which strengthened the built-in electric field and minimized energy
loss. Additionally, PN4N and PDCBT interacted synergistically with perovskite crystals
to passivate trap states, inhibit halide segregation, and improve charge extraction effi-
ciency. Benefiting from these comprehensive improvements, the optimized device with
the structure ITO/SnO2/PN4N/CsPbI2Br/PDCBT/MoO3/Ag achieved a PCE of 16.2%
(Figure 7F), with a Jsc of 15.3 mA/cm2, a Voc of 1.3 V, and an FF of 81.5%. In a sepa-
rate study, a dual-modification strategy was proposed by modifying the SnO2/CsPbI2Br
interface with potassium acetate (KAc) and incorporating methylammonium chloride
(MACl) as a perovskite additive [106]. Their results indicated that MACl effectively slowed
the crystallization rate of CsPbI2Br films, leading to enhanced crystallinity and increased
grain size. At the same time, K+ ions derived from KAc substituted Cs+ in the perovskite
lattice to alleviate lattice distortion, while Ac− ions coordinated with unsaturated Sn4+

species on the SnO2 surface, achieving defect passivation and suppressing carrier re-
combination (Figure 7H). Utilizing this strategy, the resultant CsPbI2Br PSCs with the
configuration ITO/SnO2/KAc/CsPbI2Br(MACl)/Spiro-TTB/MoO3/Al delivered a PCE of
17.11% (Figure 7G), with corresponding Jsc, Voc, and FF values of 16.79 mA/cm2, 1.31 V,
and 77.8%, respectively.

More recently, the conjugated molecule potassium 2,4-hexadienoate (PS) was em-
ployed for modifying the SnO2/CsPbI2Br interface in C-PSCs [99]. PS employed multiple
positive effects. It not only promoted nucleation and crystal growth of the perovskite
precursor but also enhanced the hydrophilicity of SnO2 via its surface carboxyl groups.
Furthermore, the conjugated structure of PS improved the electrical conductivity and
electron mobility of SnO2 while optimizing energy level alignment at the interface. Ad-
ditionally, K+ ions from PS diffused into the perovskite lattice to replace partial Cs+,
passivating internal defects and suppressing non-radiative recombination. As a result,
the PS-modified device (ITO/SnO2/PS/CsPbI2Br/Carbon) achieved a PCE of 13.11%
(Figure 7I), with a Jsc of 14.12 mA/cm2, a Voc of 1.25 V, and an FF of 74.5%. Another
effective modification approach involved treating the SnO2 ETL with ammonium tetraflu-
oroborate (NH4BF4) [108]. The alkaline NH4

+ ions reacted with hydroxyl groups on the
SnO2 surface through acid–base reactions, reducing the hydroxyl content and optimizing
energy level alignment at the SnO2/CsPbI2Br interface. The removal of hydroxyl groups at
the buried interface also increased the activation energy for iodide migration in CsPbI2Br,
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thereby enhancing device stability. Moreover, BF4
− anions, acting as quasi-halogens, in-

teracted with Pb2+ to regulate crystal growth and reduce defect density. Consequently,
the modified device (ITO/SnO2/NH4BF4/CsPbI2Br/P3HT/Au) achieved a high PCE
of 17.09%, with a Jsc of 14.57 mA/cm2, a Voc of 1.43 V, and an FF of 81.1%. Similarly,
cadmium para-aminobenzoate (PABACd), synthesized via a displacement reaction, was
utilized to modify the SnO2/CsPbI2Br interface [100]. For devices passivated with PABACd
(ITO/SnO2/CsPbI2Br/PABACd/Carbon), a PCE of 14.34% was attained, along with a Jsc

of 14.5 mA/cm2, a Voc of 1.27 V, and an FF of 77.96%. The Cd2+ ions in PABACd effectively
passivated defects in SnO2 thin films, promoting electron transport, reducing energy loss,
and improving ETL interface quality. Additionally, Cd2+ and PABA− ions penetrated
the CsPbI2Br layer, interacting with the perovskite to reduce defects, lower non-radiative
recombination, and stabilize the device structure.

ZnO-Based ETL/CsPbI2Br Interface Modification: Optimization of ZnO-based ETL
architectures and matching HTL selection have also been investigated to enhance the per-
formance of CsPbI2Br PSCs. Li et al. adopted a double-layer ETL (ZnO/MgxZn1−xO) and
undoped PM6 as the HTL [109]. The ZnO/MgxZn1−xO bilayer formed cascaded energy
levels, where the CB of MgxZn1−xO closely matched that of CsPbI2Br. This configuration fa-
cilitated electron extraction, reduced defect density, and suppressed non-radiative recombi-
nation. Furthermore, compared to Spiro-OMeTAD, PM6 possessed a deeper HOMO energy
level that better matched the VBM of CsPbI2Br, promoting hole extraction. These synergistic
effects allowed the optimized device (ITO/ZnO/MgxZn1−x/CsPbI2Br/PM6/MoO3/Ag)
to achieve a PCE of 16.04%, with a Jsc of 15.8 mA/cm2, a Voc of 1.34 V, and an FF of
78%. Cesium salts containing Ac−, F−, or trifluoroacetate (TFA−) were used to modify
the ZnO ETL (Figure 8A) [97]. Among these anions, TFA− was found to promote energy
absorption and transfer more effectively than Ac− and F−. The CsTFA-modified device
(ITO/ZnO-CsTFA/CsPbI2Br/Carbon) achieved a PCE of 14.25% (Figure 8B), with a Jsc

of 14.95 mA/cm2, a Voc of 1.269 V, and an FF of 75.1%. The anions in the cesium salts
coordinated with Zn2+ and Pb2+ to passivate defects in both ZnO and perovskite films.
Meanwhile, Cs+ ions replaced H+ in ZnO surface hydroxyl groups to form Zn-O-Cs inter-
face dipoles, which optimized energy level arrangement and promoted electron extraction.

 

Figure 8. (A) Schematic illustration of the passivation mechanism of cesium modulators. Reproduced
or adapted from [97], with permission from Royal Society of Chemistry, 2023. (B) Schematic structure
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and cross−sectional SEM image of C-IPSCs with a ZnO−CsTFA ETL. Reproduced or adapted
from [97], with permission from Royal Society of Chemistry, 2023. (C) Schematic illustrations
of the BAI treatment procedure and 2D/3D bilayer configuration. Reproduced or adapted
from [110], with permission from Royal Society of Chemistry, 2019. (D) Schematic diagram
of the preparation process and 2D/3D heterostructure of CsPbI2Br solar cells. Reproduced
or adapted from [10], with permission from Royal Society of Chemistry, 2022. (E) Schematic
diagram of the preparation and secondary crystallization process for inorganic CsPbI2Br film.
Reproduced or adapted from [111], with permission from Elsevier, 2021. (F) Schematic im-
age of a CsPbI2Br PSC with the structure FTO/TiO2/CsPbI2Br(IILs)/Spiro−OMeTAD/Au and
FTO/TiO2/CsPbI2Br(IILs)/Spiro−OMeTAD/Au. Reproduced or adapted from [112], with permis-
sion from Springer, 2022.

Table 2. ETLs and their optimization for CsPbI2Br PSCs reported in the literature.

Device Architecture Active Area
(cm2)

PCE
(%)

Jsc
(mA/cm2)

Voc
(V)

FF
(%) YearRefs.

FTO/NiOx/CsPbI2Br/ZnO@C60/Ag 0.09 13.3 15.2 1.14 77 2018 [113]

FTO/ZnO@SnO2/CsPbI2Br/Spiro-OMeTAD/MoO3/Ag 0.09 14.35 16.45 1.11 79 2019 [114]

FTO/NiMgLiO/CsPbI2Br/C-TiO2/Ag 0.09 14.00 14.72 1.26 76 2019 [115]

ITO/KAc/CsPbI2Br/Spiro-TTB/MoO3/Al 0.075 15.86 15.67 1.23 82.29 2020 [116]

Glass/ITO/ZnO:Ac−/CsPbI2Br/polyTPD/MoO3/Ag 0.0212 16.84 16.54 1.24 82.1 2020 [117]

FTO/TiO2 NRAs/CsCl/CsPbI2Br/Carbon / 11.45 14.39 1.15 69.1 2020 [118]

ITO/SnO2+SnCl2/CsPbI2Br/poly-DTSTPD-r-BThTPD/Au 0.09 15.53 14.25 1.41 77 2020 [119]

ITO/Im-SnO2/CsPbI2Br/Spiro-OMeTAD/Au 0.1 16.1 15.53 1.31 79.13 2020 [120]

FTO/NiOx/Zn:CuGaO2/F:CsPbI2Br/TiO2/PCBM/ZnO/ZrAcAc/Au 0.09 15.1 15.98 1.17 80.74 2020 [121]

FTO/MgZnO/MnCl2:CsPbI2Br (2%)/P3HT/Au 0.09 15.52 15.68 1.27 77.87 2020 [61]

ITO/SnO2/CsPbI2Br/Spiro-OMeTAD/Ag / 15.1 15.4 1.22 80.5 2020 [75]

FTO/c-TiO2/CsPbI2Br/Carbon 0.125 14.46 14.21 1.28 79.4 2021 [104]

FTO/ZnO:Pb/CsPbI2Br/PM6/MoO3/Ag 0.075 16.36 15.78 1.28 80.86 2021 [122]

ITO/TMACl-SnO2/CsPbI2Br/TFB/P3HT/Au 0.1 13.84 15.29 1.16 77.53 2021 [123]

ITO/SnO2-KF/CsPbI2Br/Spiro-OMeTAD/MoO3/Ag 0.0625 15.39 14.79 1.31 79.15 2021 [124]

ITO/TiO2/ZnO/CsPbI2Br/Carbon / 10.53 12.51 1.47 57.3 2021 [125]

FTO/TiO2/TiO2@Sb2S3-MPA/CsPbI2Br/Carbon 0.08 14.59 14.5 1.29 77.49 2023 [126]

ITO/KAc/CsPbI2Br/Spiro-TTB/MoO3/Al 0.04 13.29 15.19 1.12 78.1 2023 [127]

ITO/PbCl2-ZnO/CsPbI2Br/PM6/MoO3/Ag 0.036 17.46 16.03 1.39 78.36 2023 [128]

ITO/ZnO:Ca/CsPbI2Br/PM6/MoO3/Ag 0.075 16.39 15.74 1.29 80.61 2023 [129]

ITO/u-SnO2/CsPbI2Br/P3HT/Ag 0.0625 16.22 15.67 1.30 79.56 2023 [130]

3.4. CsPbI2Br/HTL Interface in a Conventional n-i-p Structure

For CsPbI2Br PSCs with a conventional n-i-p architecture, interface engineering at
the CsPbI2Br/HTL interface is critical for enhancing device performance. This is primar-
ily because it directly mitigates core challenges by enabling effective defect passivation,
optimized energy level alignment, and efficient charge extraction. A series of targeted
modification strategies have been developed, encompassing two-dimensional (2D)/three-
dimensional (3D) heterostructure construction, small-molecule/ionic liquid functionaliza-
tion, organic–inorganic hybrid passivation, integration of functional materials (e.g., carbon
dots, polymers), NC/ligand modification, and HTL optimization. These approaches are
tailored to synergistically improve both the PCE and long-term stability of CsPbI2Br PSCs.

Constructing 2D/3D heterostructures has emerged as a promising strategy to mod-
ulate the CsPbI2Br/HTL interface. Tai et al. developed a novel in situ growth method
for 2D perovskite capping layers on 3D CsPbI2Br surfaces. By adding a small amount of
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dimethyl sulfoxide (DMSO) to a butylamine bromide (BAI) solution, partial dissolution
of CsPbI2Br was achieved, followed by a reaction with BAI to form the 2D capping layer.
The resulting Type II heterojunction not only facilitated hole extraction and suppressed
charge recombination but also enhanced light absorption. For the CsPbI2Br PSCs with the
structure FTO/TiO2-PCBM/CsPbI2Br/Spiro-OMeTAD/Au, the optimal treatment with
BAI yielded a PCE of 14.5%, with a Jsc of 16.80 mA/cm2, a Voc of 1.079 V, and an FF
of 80.1% (Figure 8C) [110]. Similarly, spin-coating N-butyl ammonium bromide (BABr)
onto 3D CsPbI2Br films also constructed a 2D/3D heterostructure. This design utilized
multiple beneficial effects, including passivating film defects, blocking moisture ingress,
reducing non-radiative recombination, and optimizing energy level matching with the
HTL to enhance hole extraction efficiency. The corresponding CsPbI2Br PSCs achieved a
higher PCE of 16.57% (Figure 8D), with a Jsc of 15.92 mA/cm2, a Voc of 1.28 V, and an FF of
81.35% [10].

Small molecules and ionic liquids have also been widely explored as effective interface
modifiers. Ma et al. proposed a secondary crystallization strategy involving post-treatment
of annealed CsPbI2Br films with guanidine bromide (GABr) [10]. GABr not only reg-
ulated crystal growth and passivated defects but also acted as a collection center for
photogenerated carriers. Moreover, excess Br− ions from GABr formed Br-rich regions
on the perovskite surface, which lowered the FF and optimized the band alignment at the
CsPbI2Br/Spiro-OMeTAD interface. Benefiting from these effects, the modified device
(ITO/ZnO-SnO2/CsPbI2Br/GABr/Spiro-OMeTAD/Ag) achieved a high PCE of 16.97%
(Figure 8E), with a Jsc of 15.90 mA/cm2, a Voc of 1.31 V, and an FF of 81.48%. In a sim-
ilar vein, imidazolyl ionic liquids (IILs, a subclass of ILs featuring imidazolium-based
cations) such as BMMIMBF4 modified the interface through their anions, which formed
strong ionic bonds with Cs+ and Pb2+ in the perovskite to passivate defects and reduce
non-radiative recombination. Additionally, IILs optimized the energy level alignment at the
CsPbI2Br/Spiro-OMeTAD interface for improved charge transfer, while their hydrophobic
alkyl chains enhanced the perovskite surface hydrophobicity and device stability. The
modified device (FTO/TiO2/CsPbI2Br/IILs/Spiro-OMeTAD/Au) thus reached a PCE of
17.02% (Figure 8F), with a Jsc of 15.96 mA/cm2, a Voc of 1.33 V, and an FF of 80.08% [10].
Pu et al. extended this ionic liquid strategy by synthesizing 1-vinyl-3-ethyl propionate
imidazolium chloride ([PEVIM]Cl). The carbonyl groups of [PEVIM]Cl interacted with
uncoordinated Pb2+ and Cs+ in the perovskite to passivate surface trap states, inhibit
non-radiative recombination, and promote charge transport, while also enhancing film
crystallinity. The modified device (FTO/TiO2/CsPbI2Br/[PEVIM]Cl/Spiro-OMeTAD/Au)
achieved a PCE of 14.19%, with a Jsc of 15.70 mA/cm2, a Voc of 1.160 V, and an FF of 77.85%.

Organic–inorganic hybrid passivation has also demonstrated significant effective-
ness by the utilization of complementary mechanisms. For instance, the combination of
phenethylammonium bromide (PEABr, organic) and cesium bromide (CsBr, inorganic)
enhanced device performance through synergistic effects. Br− ions from PEABr filled
iodine vacancy defects, PEA+ cations improved energy level matching, and CsBr provided
additional defect passivation. This hybrid strategy strengthened hole accumulation, opti-
mized the energy level arrangement at the CsPbI2Br/Spiro-OMeTAD interface, promoted
charge extraction, and inhibited non-radiative recombination. As a result, the passivated
device (ITO/ZnO/SnO2/CsPbI2Br/(PEABr + CsBr)/Spiro-OMeTAD/Ag) achieved a PCE
of up to 16.70% (Figure 9A), with a Jsc of 15.64 mA/cm2, a Voc of 1.30 V, and an FF of
82% [10].
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Figure 9. (A) Structure and cross−section SEM image of the device. Reproduced or adapted
from [131], with permission from Wiley−VCH, 2021. (B) The preparation process of B−CDs. Repro-
duced or adapted from [132], with permission from Wiley−VCH, 2021. (C) Electrostatic potential
mesh maps of 5CzBn and 4t−5CzBn, respectively. Reproduced or adapted from [133], with permis-
sion from Wiley−VCH, 2021. (D) Illustration of as−prepared CsPbI2Br solar cells with the structure
of ITO/SnO2/Perovskite/J71/Spiro−OMeTAD/MoO3/Ag, molecular formula of J71. Reproduced
or adapted from [82], with permission from Elsevier, 2022. (E) Molecular formula and 3D structure of
TTC−Cl. Reproduced or adapted from [134], with permission from Wiley−VCH, 2024. (F) Binding
to unsaturated Pb and passivating PbI antisite defects. Reproduced or adapted from [78], with
permission from Royal Society of Chemistry, 2024.

Beyond small molecules and ionic liquids, integration of functional materials such as
carbon dots and polymers has also been explored for CsPbI2Br/HTL interface modification.
Functionalized p-type blue carbon dots (B-CDs) contained multiple functional groups,
which can react with I− and Pb2+ in the perovskite, thereby passivating defects. They also
formed p-n junctions with the n-type perovskite, promoting hole transport while blocking
electrons. Furthermore, B-CDs enhanced the hydrophobicity of the perovskite film to
improve stability. The modified device (FTO/TiO2/CsPbI2Br/B-CDs/Spiro-OMeTAD/Au)
thus reached a PCE of 16.76% (Figure 9B), with a Jsc of 16.01 mA/cm2, a Voc of 1.31 V, and
an FF of 80% [135]. Another example was the introduction of polycarbazole-substituted
benzyl nitrile (4t-5CzBn) to modify the CsPbI2Br/Spiro-OMeTAD interface, which en-
abled the treated device (ITO/ZnO/CsPbI2Br/4t-5CzBn/Spiro-OMeTAD/MoO3/Ag) to
achieve a PCE of up to 17.34% (Figure 9C), with a Jsc of 15.78 mA/cm2, a Voc of 1.335 V,
and an FF of 82.3%. The tert-butyl group of 4t-5CzBn upshifted its HOMO energy level,
constructing a uniform stepped interface energy level structure with a 0.24 eV offset
to facilitate hole transport. Additionally, its cyano group could coordinate with Pb2+

to passivate defects, reducing recombination centers and energy loss [136]. To address
residual stress-induced phase instability in CsPbI2Br films, the organic polymer J71 (con-
taining N and S atoms) has been used to coordinate with the perovskite, converting tensile
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strain to compressive strain, forming strain-free films at optimal concentrations. Cova-
lent bonds between J71 and the perovskite also promoted secondary crystallization of
CsPbI2Br, optimizing film morphology and inhibiting charge recombination. Further-
more, the hydrophobicity of J71 blocked moisture and prevented lattice distortion. The
device treated with J71 (ITO/SnO2/CsPbI2Br/J71/Spiro-OMeTAD/MoO3/Ag) achieved
a PCE of 16.15% (Figure 9D), with a Jsc of 15.24 mA/cm2, a Voc of 1.03 V [82]. Another
polymer, the carboxylate-based p-type TTC-Cl, modified CsPbI2Br films by interacting
with uncoordinated Pb2+ via its carboxylate groups, chlorine, and sulfur atoms, effec-
tively passivating defects and reducing non-radiative recombination, while also opti-
mizing the film’s surface energy bands for improved hole transport. The modified de-
vice (ITO/SnO2/CsPbI2Br/TTC-Cl/PTAA/MoO3/Ag) reached a high PCE of 17.81%
(Figure 9E), with a Jsc of 15.65 mA/cm2, a Voc of 1.407 V, and an FF of 80.87% [134].

NCs and customizable ligands represent another category of high-performance in-
terface modifiers. Wang et al. proposed a dual-functional strategy using CsPbBr3 NCs
for both bulk doping and surface modification. Specifically, the incorporation of CsPbBr3

NCs into the CsPbI2Br layer provided a transport channel for photogenerated electrons
due to their high carrier mobility. Meanwhile, the NCs at the CsPbI2Br/P3HT interface
formed a gradient heterojunction to promote hole extraction, reduce energy loss, and passi-
vate surface defects. The optimized device (ITO/SnO2/CsPbI2Br(CsPbBr3 NCs)/CsPbBr3

NCs/P3HT/Ag) achieved a PCE of 17.03%, with a Jsc of 15.84 mA/cm2, a Voc of 1.37 V, and
an FF of 78% [137]. Complementing this nanocrystal-based strategy, PP3 phosphine ligands
were used to regulate the perovskite/P3HT interface. The balanced electronic properties
and steric hindrance of PP3 enabled strong bonding with the perovskite, passivating deep-
level trap defects, optimizing energy level arrangement, and promoting carrier transfer. For
CsPbI2Br PSCs (ITO/SnO2/CsPbI2Br/PP3 ligand/P3HT/Au), this strategy yielded an im-
pressive PCE of 18.39% (Figure 9F), with a Jsc of 15.23 mA/cm2, a Voc of 1.43 V, and an FF of
83.2% [78]. CsPbI2Br QD films involving a 3-s formamidinium iodide (FAI) treatment were
developed. The device (FTO/TiO2/CsPbI2Br/FA+CsPbX3/FA+QDs/PTAA/Au) achieved
a PCE of 14.12%, with a Jsc of 14.51 mA/cm2, a Voc of 1.223 V, and an FF of 79.6%. This im-
provement was attributed to three key effects: (1) the formation of a dimensionally graded
heterojunction between QDs and the bulk film optimized energy level alignment; (2) FAI
post-treatment induced the formation of an iodine-rich surface layer, which triggered band
bending, reduced surface defects, and passivated grain boundaries; (3) organic cations
modified the QD surfaces, suppressing recombination losses and enhancing hole extraction
efficiency [138].

3.5. HTL/CsPbI2Br Interface in an Inverted p-i-n Structure

For inverted p-i-n structured CsPbI2Br PSCs, the interface between the HTL and
CsPbI2Br perovskite is a core determinant of device performance. This interface directly
regulates the quality of interfacial contact, defect density, charge extraction efficiency, and
long-term stability, as interfacial mismatches or defects can induce severe non-radiative
recombination, charge accumulation, and material degradation [132]. To address these
critical challenges, researchers have developed targeted interface engineering strategies,
including bilayer HTL construction, modified SAMs, and functional molecule integration,
which synergistically optimize interfacial properties and boost device efficiency and stabil-
ity. Table 3 summarizes the HTL/perovskite interface engineering for CsPbI2Br PSCs with
an inverted p-i-n structure.
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Table 3. CsPbI2Br PSCs with inverted p-i-n structure: HTL/Perovskite and Perovskite/ETL interface
engineering.

Device Architecture Active Area
(cm2)

PCE
(%)

Jsc
(mA/cm2)

Voc
(V)

FF
(%) YearRefs.

ITO/NiOx/CsPbI2Br/c-Nb2O5/PCBM/Bphen/Ag 0.04 11.74 14.13 1.06 78.4 2019 [139]

ITO/SPIPA-II/CsPbI2Br/ZnO:C60/Ag 0.04 12.52 13.96 1.14 76.43 2020 [140]

ITO/NiOx/CsPbI2Br/nano-
Eu2O3/PCBM/Bphen/Ag / 14.09 15.28 1.14 77.6 2020 [141]

ITO/Spiro-OMeTAD/TS-CuPc/CsPbI2Br/Nano-
Eu2O3/PCBM/Bphen/Ag / 14.85 15.552 1.185 80.7 2021 [135]

ITO/P3CT/CsPbI2Br/ZnO:TPPPS/C60/Ag 0.09 14.62 15.51 1.228 76.83 2021 [142]

ITO/NiOx/CsPbI2Br/BIZI/PCBM/BPhen/Ag / 14.32 15.59 1.151 79.79 2021 [74]

ITO/NiOx/CsPbI2Br/ZnO@C60/Ag 0.04 15.36 16.31 1.21 78.2 2022 [143]

FTO/NiOx/CsPbI2Br/TiO2/Al 0.1 17.1 16.4 1.26 83.1 2023 [11]

ITO/SnO2/CsPbI2Br(CsPbBr3 NCs)/CsPbBr3
NCs/P3HT/Ag / 17.03 15.84 1.37 78 2023 [137]

ITO/Cu:NiO/IL:CsPbI2Br/CsPbBr3-
QDs/W:Nb2O5/Ti/Ag / 15.37 15.31 1.24 81 2023 [144]

ITO/SnO2/NH4BF4/CsPbI2Br/P3HT/Au / 17.09 14.57 1.43 82.02 2024 [108]

ITO/NiOx/CsPbI2Br/PEAI/PCBM/BCP/Ag 0.048 14.26 16.21 1.11 79.28 2024 [145]

Bilayer HTL design uses the complementary properties of different materials to tailor
interfacial wettability, passivate defects, and release interfacial strain, thereby improving
perovskite crystallization and charge transport. Yang et al. reported a dopant-free mixed
HTL (SpiPA) composed of hydrophilic Spiro-OMeTAD and hydrophobic PTAA [140].
Dominant lateral phase separation in the mixture endowed the HTL with tunable surface
wettability, which could be optimized by adjusting the mass ratio of the two components.
The optimal SpiPA-II (with suitable PTAA content) exhibited a DMSO contact angle of 13.1◦,
balancing the excessive hydrophilicity of pristine Spiro-OMeTAD (10.2◦) and excessive
hydrophobicity of pristine PTAA (20.0◦). This tailored wettability facilitated the growth
of large CsPbI2Br grains with reduced defect density, enhanced interfacial contact, and
promoted hole extraction. As a result, inverted CsPbI2Br PSCs based on SpiPA-II achieved
a PCE of 12.52%, which significantly outperformed devices equipped with pristine Spiro-
OMeTAD (10.26%), PTAA (9.05%), or conventional NiOx (10.75%) HTLs. Simultaneously, it
also decreased the J-V hysteresis index to 10.9%. To further address the high defect density
and interfacial tensile strain of inorganic perovskites, a bilayer HTL (Spiro/TS-CuPc)
was constructed by modifying dopant-free Spiro-OMeTAD with copper phthalocyanine
3,4′,4′′,4′′′-tetrasulfonated acid tetrasodium salt (TS-CuPc) nanoparticles [132]. The TS-
CuPc layer formed a uniform and ultra-smooth surface with improved wettability, which
promoted the crystallization of CsPbI2Br into large grains with enhanced crystallinity. More
importantly, the bilayer structure efficiently released interfacial tensile strain by weakening
the interaction between Spiro-OMeTAD and perovskite, while the TS-CuPc nanoparticles
passivated interfacial defects through Pb-O coordination and electrostatic interactions.
These improvements enabled the device to achieve a champion PCE of 14.85%, along with
enhanced thermal stability (retaining 90% of initial PCE after 400 h at 85 ◦C under N2)
and humidity stability, retaining 70% of initial PCE after 20 h in air with 60–70% relative
humidity (RH).

Another promising approach involves modified SAMs, which have emerged as effec-
tive HTL modifiers for inverted p-i-n CsPbI2Br PSCs due to their ability to precisely tune
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energy-level alignment, passivate interfacial defects, and reduce nonradiative recombina-
tion through tailored molecular structures. Peng et al. selected 2PACz as the HTL and
indene-C60 bisadduct (ICBA) as the ETL to form a well-matched interfacial structure, and
introduced an ultrathin phenethylammonium chloride (PEACl) layer at the HTL/CsPbI2Br
interface [146]. The PEACl molecule played two key roles: first, it slightly passivated
surface defects; more importantly, it dedoped the perovskite surface, reducing its p-type
character and decreasing the work function difference between perovskite and HTL. This
dedoping effect eliminated the non-negligible electron extraction barrier at the interface,
enhanced carrier transport, and increased the electron quasi-Fermi level in the ETL. Conse-
quently, the device achieves a PCE of 16.0% with a Voc of 1.285 V and an FF of 81.5%, and
maintains 87% of its initial efficiency after 200 h of aging under 70–75 ◦C.

Interface engineering at the HTL/CsPbI2Br junction of inverted p-i-n PSCs has made
remarkable progress through bilayer HTL construction and functional molecule integration.
These strategies target key interfacial issues such as poor wettability, high defect density,
mismatched energy levels, interfacial strain, and charge extraction barriers by regulat-
ing phase separation, passivating defects, optimizing energy alignment, and modulating
surface electronic properties. The resulting devices exhibit significantly improved PCE
and enhanced long-term stability, laying a solid foundation for the practical application
of CsPbI2Br PSCs. Future research should focus on the universality of these strategies,
the design of multifunctional interface materials, and the scalable fabrication of high-
performance devices.

3.6. CsPbI2Br/ETL Interface in an Inverted p-i-n Structure

For inverted p-i-n structured CsPbI2Br PSCs, optimizing the CsPbI2Br/ETL interface
is crucial for enhancing electron extraction efficiency, suppressing charge recombination,
and improving device stability, all of which are core bottlenecks directly limiting the
photovoltaic performance of devices. To address these interfacial challenges, researchers
have developed a diverse array of targeted strategies, encompassing the utilization of
novel modifier materials, the construction of hybrid interfaces via post-treatment, the
optimization of fabrication processes, and the design of dual-side repair schemes. Each
strategy is tailored to mitigate specific interfacial defects or energy level mismatches,
thereby synergistically boosting device performance and stability. Table 3 summarizes the
perovskite/ETL interface engineering for CsPbI2Br PSCs with an inverted p-i-n structure.

Nanosheet-based modification has emerged as a promising approach for optimizing
the CsPbI2Br/ETL interface. For instance, Han et al. employed two-dimensional Nb2O5

(001) nanosheets (c-Nb2O5) with strong Brønsted acidity to modify the CsPbI2Br/PCBM in-
terface [139]. The acidic c-Nb2O5 nanosheets not only exhibited efficient passivation effects
on Lewis basic defects on the perovskite surface but also impeded the migration of large-
radius I− ions toward the Ag electrode via their small (001) plane lattice spacing, thereby
significantly prolonging the device lifetime. Benefiting from these dual effects, the modified
device with the structure ITO/NiOx/CsPbI2Br/c-Nb2O5/PCBM/Bphen/Ag achieved a
PCE of 11.74%, with a Jsc of 14.13 mA/cm2, a Voc of 1.06 V, and an FF of 78.4%. Building
on this nanosheet-based modification strategy, few-layer Eu2O3 nanosheets (nano-Eu2O3)
were prepared via ball milling, which exhibited high redox activity toward Pb0/I0 [141].
When employed as a buffer layer at the CsPbI2Br/PCBM interface, nano-Eu2O3 not only
blocked hole transport through its deeper VBM and optimized interfacial energy level align-
ment but also passivated interfacial defects via redox reactions, thus suppressing charge
recombination. Consequently, the device with the structure ITO/NiOx/CsPbI2Br/nano-
Eu2O3/PCBM/Bphen/Ag achieved a PCE of 14.09%, with a Jsc of 15.28 mA/cm2, a Voc of
1.14 V, and an FF of 77.6%.
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Beyond single nanosheet modification, post-treatment to construct 2D/3D hybrid inter-
faces has also been demonstrated as an effective strategy for optimizing the CsPbI2Br/ETL
interface. Li et al. post-treated a 3D CsPbI2Br absorber layer with highly conjugated
benzimidazole iodide (BIZI), successfully inducing the formation of a 2D perovskite
phase (n = 1) at the interface [74]. BIZI interacted strongly with Pb2+/I− ions, which
facilitated the formation of the 2D perovskite phase. The resulting 2D layer exhibited
excellent defect passivation capability. This 2D/3D hybrid structure not only enhanced the
moisture resistance of the device but also blocked hole transport and suppressed interfa-
cial defects at the CsPbI2Br/PCBM interface, thereby collectively boosting photovoltaic
performance. The BIZI-modified device (ITO/NiOx/CsPbI2Br/BIZI/PCBM/BPhen/Ag)
achieved a PCE of 14.32%, with a Jsc of 15.59 mA/cm2, a Voc of 1.15 V, and an FF
of 79.79%. In a related composite modification strategy, ionic liquids combined with
QDs have been utilized to optimize the CsPbI2Br/ETL interface. Specifically, the ionic
liquid BMIMBF4 was incorporated into the CsPbI2Br precursor solution, and the per-
ovskite surface was further modified with CsPbBr3 QDs [144]. The BMIM+ and BF4

−

ions in BMIMBF4 coordinated with I− and Pb2+ at the grain boundaries and surface of
CsPbI2Br, respectively, which reduced defect density, optimized the crystal structure, and
extended carrier lifetime. Meanwhile, CsPbBr3 QDs formed a hydrophobic layer on the
perovskite surface, which blocked water vapor penetration and passivated surface defects.
Benefiting from the synergistic effects of BMIMBF4 and CsPbBr3 QDs, the resulting de-
vice (ITO/Cu:NiO/IL:CsPbI2Br/CsPbBr3-QDs/W:Nb2O5/Ti/Ag) achieved a high PCE of
15.37% (Figure 10A), with a Jsc of 15.31 mA/cm2, a Voc of 1.24 V, and an FF of 81%.

Figure 10. (A) TEM image shows the size distribution of the QDs; the scale bar is 25 nm. Static
contact angle measurements with water droplets on top of the PSC reference. Reproduced or adapted
from [144], with permission from American Chemical Society, 2023. (B) Schematic illustration
of preparation procedures for perovskite and top TiO2 charge transport layers via CD and OSD
methods. Reproduced or adapted from [11], with permission from Wiley−VCH, 2023. (C) Schematic
illustration of the working mechanism of TiO2 during perovskite crystallization. Reproduced or
adapted from [11], with permission from Wiley−VCH, 2023. (D) Schematic routes for the synthesis of
BP−HI and the BP−HI modification at the PVK/ZnO interface. Reproduced or adapted from [143],
with permission from Elsevier, 2022. (E) Schematic illustration of the inverted PSC with BP−HI treatment.
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Reproduced or adapted from [143], with permission from Elsevier, 2022. (F) The optimized absorption
structures of PMAI+ and CFPMAI+ on the perovskite surface, calculated at the PBE−D3 level of
theory. Reproduced or adapted from [147], with permission from AIP Publishing, 2024. (G) The
cross−sectional SEM image of the inverted CsPbI2Br PSCs (left), and schematic illustration of the
CsPbI2Br/ZnO:TPPPS interface (right). Reproduced or adapted from [142], with permission from
Elsevier, 2021.

Another innovative approach focuses on process optimization to realize in situ in-
tegration of ETLs. A one-step deposition (OSD) method was developed, wherein TiO2

NCs were introduced into a chloroform (CF) antisolvent, enabling the simultaneous forma-
tion of the top TiO2 ETL and the CsPbI2Br perovskite layer, thus constructing an efficient
perovskite/TiO2 heterojunction [148]. During the deposition process, TiO2 NCs slowed
down solvent evaporation to promote mass diffusion and regulate perovskite crystalliza-
tion by forming Pb-O and X-Ti (X = I, Br) bonds with the perovskite (Figure 10C). These
effects significantly improved the quality of both the heterojunction and the perovskite
film, minimizing non-radiative recombination and charge transport losses. The optimized
OSD-PSCs with the structure FTO/NiOx/CsPbI2Br/TiO2/Al achieved a high PCE of 17.1%
(Figure 10B), with a Jsc of 16.4 mA/cm2, a Voc of 1.26 V, and an FF of 83.1%. Complement-
ing single-layer or single-material modification strategies, a dual-side repair strategy was
proposed by introducing bispyrimidine hydroiodate (BP-HI) at the CsPbI2Br/ZnO inter-
face [143]. During thermal annealing, BP-HI diffused to both the CsPbI2Br grain boundaries
and the ZnO layer, effectively passivating defects in both regions (Figure 10D). In the per-
ovskite layer, BP-HI enhanced grain conductivity and inhibited ion migration. In the ZnO
layer, it reduced oxygen vacancy defects. These modifications optimized interfacial electri-
cal contact and strengthened the built-in electric field, leading to significant performance im-
provements. The BP-HI-modified device (structure: ITO/NiOx/CsPbI2Br/ZnO@C60/Ag)
achieved a maximum PCE of 15.36% (Figure 10E), with a Jsc of 16.31 mA/cm2, a Voc of
1.21 V, and an FF of 78.2%.

Systematic exploration of organic modifiers has also been conducted to opti-
mize the CsPbI2Br/ETL interface. Liu’s group incorporated a series of organic am-
monium iodides onto the surface of CsPbI2Br films, including phenylmethylammo-
nium iodide (PMAI), 4-trifluoromethyl phenylmethylammonium iodide (CFPMAI),
phenylethylammonium iodides with different substituents (-OCH3, -CH3, MePEAI), 2-
thiophenemethylammonium iodide (TM), 2-thiopheneethylammonium iodide (TE), and
benzenium/phenylethylammonium iodides with -H or -CF3 substituents (PEAI, CF-
PEAI) [145,147,149–151]. These organic modifiers exhibited universal beneficial effects.
They uniformly passivated surface defects, extended carrier lifetimes, suppressed non-
radiative recombination, optimized energy level alignment at the CsPbI2Br/PCBM in-
terface, and enhanced charge transfer to the ETL. Notably, different substituents en-
dowed the modifiers with unique advantages: (1) The -CF3 group in CFPMAI co-
ordinated with undercoordinated Pb2+ (Figure 10F), enabling the corresponding de-
vice (ITO/NiOx/CsPbI2Br/CFPMAI/PCBM/BCP/Ag) to achieve a PCE of 14.43%
(Jsc = 16.31 mA/cm2, Voc = 1.12 V, FF = 79.02%); (2) MePEAI formed chemical bonds with
Pb2+, yielding a PCE of 14.10% (Jsc = 15.90 mA/cm2, Voc = 1.11 V, FF = 79.89%); (3) TM and
TE induced local charge transfer, filled vacancies, and strengthened interfacial interactions,
among which TM significantly reduced trap density, thereby achieving a PCE of 15.07%
(Jsc = 16.42 mA/cm2, Voc = 1.16 V, FF = 79.11%); (4) the -CF3 group in CFPA interacted
with uncoordinated Pb2+, resulting in a PCE of 14.37% (Jsc = 16.33 mA/cm2, Voc = 1.10 V,
FF = 80.0%) for N2-stable devices; (5) the NH3

+ ions in PEAI/CFPEA synergistically inter-
acted with Pb2+, achieving an optimal PCE of 14.26% (Jsc = 16.21 mA/cm2, Voc = 1.11 V,
FF = 79.28%).
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Zwitterionic molecules have been employed to modify ETL intermediate layers for
CsPbI2Br/ETL interface optimization. The zwitterionic molecule 3-triphenylphosphonyl
propane-1-sulfonate (TPPPS) was used to modify the ZnO cathode interlayer (Figure 10G),
and the modified device (ITO/P3CT/CsPbI2Br/ZnO:TPPPS/C60/Ag) achieved a PCE of
14.62% (Jsc = 15.51 mA/cm2, Voc = 1.25 V, FF = 76.83%) [142]. TPPPS coordinated with
surface Zn atoms on ZnO via its sulfonic acid groups. The hydrophobic phenyl groups in
TPPPS enhanced interfacial moisture resistance, while TPPPS itself passivated defects on
the ZnO surface and at the CsPbI2Br/ZnO interface. These effects, in combination, inhibited
charge recombination, optimized interfacial energy level alignment, and promoted efficient
electron transfer from the perovskite to the cathode.

4. Charge Transport Layer Development
4.1. Dopant-Free HTLs

For CsPbI2Br PSCs, dopant-free HTLs have emerged as a promising alternative to ad-
dress the intrinsic limitations of doped HTLs, including hygroscopicity-induced instability,
interfacial ion migration, and cumbersome fabrication processes. Meanwhile, dopant-free
HTLs can optimize hole extraction kinetics, passivate interfacial defects, and refine interfa-
cial energy level alignment. The core driver behind their advancing performance lies in
interface engineering: targeted modifications to material structure, surface chemistry, and
interfacial contact configurations enable synergistic enhancements in photovoltaic perfor-
mance metrics and long-term operational stability. Research in this domain encompasses
three primary material categories: inorganic metal oxides, organic small molecules, and
conjugated polymers. Each category utilizes its unique structural and electronic charac-
teristics to address the specific interfacial challenges associated with CsPbI2Br. Below, we
systematically summarize the design rationales, underlying working mechanisms, and
performance benchmarks of state-of-the-art dopant-free HTLs for CsPbI2Br PSCs. Table 4
summarizes the dopant-free HTLs reported in the literature for CsPbI2Br PSCs.

Inorganic Dopant-Free HTLs: Inorganic HTLs are prized for their exceptional chemical
stability, low cost, and facile scalability, with interface engineering focused on tuning energy
level alignment, suppressing ion diffusion, and enhancing perovskite/HTL contact quality
(Figure 11B). NiOx has emerged as a leading candidate, though its application is constrained
by interfacial challenges that demand precise synthetic control. NiOx thin films were fabri-
cated using DC reactive magnetron sputtering. The results demonstrated that adjusting the
O2 flux could modulate the Ni3+/Ni2+ ratio (and the associated Ni2+ vacancies), thereby
narrowing the energy gap between the EF and the VBM (Figure 11C). This optimization
enhanced interfacial electron transitions and hole extraction efficiency. When the NiOx

thickness was tailored to 20 nm, the resulting device (FTO/NiOx/CsPbI2Br/ZnO@C60/Ag)
achieved a PCE of 12.6%, with a Jsc of 15.1 mA/cm2, a Voc of 1.1 V, and an FF of 75.6% [152].
However, Huang et al. identified a critical interfacial degradation pathway, whereby anneal-
ing temperatures of 150–300 ◦C induced Pb2+ diffusion from CsPbI2Br into the NiOx lattice,
increasing nickel vacancies and trap state density at the NiOx/CsPbI2Br interface. This
phenomenon caused catastrophic performance loss in FTO/NiOx/CsPbI2Br/C60/BCP/Ag
devices, with Voc plummeting from 1.04 V to 0.53 V, Jsc from 14.42 mA/cm2 to 1.57 mA/cm2,
and FF from 59.8% to 45.9% [153]. Customized NiOx NC HTLs were developed. These
NCs self-assembled into dense, pinhole-free films that established intimate interfacial con-
tact with CsPbI2Br. This structural optimization suppressed charge recombination and
strengthened hole extraction, enabling the device (FTO/Nb:TiO2/CsPbI2Br/NiO NCs/Au)
to reach a PCE of 15.14% and a stable power output (SPO) of ~14.82% [154].
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Figure 11. (A) The energy level diagram of CsPbI2Br perovskite and different HTLs. Reproduced
or adapted from [155], with permission from Elsevier, 2019. (B) Non−stoichiometric NiOx crystal
structure (a), where excess O leads to Ni2+ cation vacancies. In order to keep charge neutrality in
NiOx, some Ni2+ cations turn into Ni3+ cations, as shown in formula (b). (c) Schematic electronic
structure of undoped NiOx thin films with Ni2+ vacancies or with Ni3+ as acceptors. Reproduced or
adapted from [152], with permission from Elsevier, 2020. (C) Device structure of modeled devices
with different charge transport layers. Reproduced or adapted from [156], with permission from
Elsevier, 2025. (D) The energy level diagram of the corresponding materials used in the Co3O4−PSC.
Reproduced or adapted from [41], with permission from Wiley−VCH, 2019. (E) Energy level diagram
of corresponding materials used in SnPc−PSC. Reproduced or adapted from [157], with permis-
sion from American Chemical Society, 2020. (F) Energy level diagram of CsPbI2Br, L2, and L2−T.
Reproduced or adapted from [158], with permission from Elsevier, 2021. (G) The HOMO/LUMO
distributions of the HTMs. Reproduced or adapted from [159], with permission from Royal Society
of Chemistry, 2021. (H) Molecular structural formula of PBQ6. Molecular structural formula of
PBQ9. Reproduced or adapted from [160], with permission from Elsevier, 2025. (I) Device structure
of CsPbI2Br-PSCs and the molecule structure of PE51, PE52, and PE53. Reproduced or adapted
from [161], with permission from Elsevier, 2023.

Beyond NiOx, other inorganic materials have demonstrated promise through strategic
energy level matching. SCAPS-1D simulations were utilized to compare four inorganic
HTLs (CuI, Cu2O, CuSCN, MoOx) paired with TiO2 as the ETL, identifying CuSCN as
the most performance-advantaged candidate due to its optimal VBM alignment with
CsPbI2Br (Figure 11D). Subsequent simulations (fixing CuSCN as the HTL) confirmed
TiO2 as the ideal ETL, leading to the proposed FTO/TiO2/CsPbI2Br/CuSCN/Fe structure
with a projected PCE of 14.66% (Voc = 1.16 V, Jsc = 16.46 mA/cm2, FF = 76.57%) [156]. For
carbon-based CsPbI2Br PSCs, Co3O4 was adopted as the HTL. Its VBM (−5.3 eV) formed a
continuous energy gradient with CsPbI2Br’s VBM (−5.58 eV) and the carbon electrode’s
work function (~−5.0 eV), minimizing interfacial recombination (Figure 11A). This design
yielded a PCE of 11.21% for the ITO/SnO2/CsPbI2Br/Co3O4/Carbon device [162].

Organic Small-Molecule Dopant-Free HTLs: Organic small-molecule HTLs offer un-
paralleled tunability of energy levels and interfacial compatibility, with interface engineer-
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ing strategies centered on donor–acceptor (D-A) or donor–π–acceptor (D-π-A) structural
design, end-group/side-chain modification, and coordination-driven defect passivation.
These features enable precise matching to CsPbI2Br’s electronic structure while suppressing
interfacial charge loss. Solution-processed tin phthalocyanine (SnPc) was introduced as
a dopant-free HTL for low-temperature carbon-based planar PSCs (Figure 11E). SnPc’s
HOMO (−5.24 eV) acted as an energy bridge between CsPbI2Br’s VBM (−5.92 eV) and
the carbon electrode’s work function (~−5.0 eV), facilitating unimpeded hole transport.
Finally, the device (ITO/SnO2/CsPbI2Br/SnPc/carbon) achieved a PCE of 11.39% and a
steady-state PCE of 11.23% [157]. Two D-A-D-type small molecules (L2 and L2-T) were de-
signed, which utilized ladder-type TPTI as the acceptor and TPA as the donor (Figure 11F).
L2, featuring a lower HOMO and a smooth film morphology, enhanced hole transfer,
reduced non-radiative energy loss, and formed an ohmic contact with the Ag electrode. As
a result, the ITO/SnO2/CsPbI2Br/L2/Ag device reached a PCE of 12.41% (Voc = 1.21 V,
Jsc = 13.73 mA/cm2, FF = 75.02%) [158].

Heteroatom-functionalized small molecules have achieved further enhancement in sta-
bility via interfacial bonding. Hua’s research group synthesized fluorenyl-based HTLs (YT1
with H-termination and YT3 with methoxyphenyl fluorenyl groups). The bulkier terminat-
ing group of YT3 reduced the HOMO level, facilitated hole extraction, and enhanced the
film-forming ability, allowing CsPbI2Br PSCs (ITO/SnO2/ZnO2/CsPbI2Br/YT3/MoO3/Ag)
to maintain 95% of their initial performance after 600 h of storage [163]. Fluorene-
end-capped HTLs (YT-MPF and YT-FF) were developed, where YT-MPF’s dual fluo-
rene arms boosted molecular polarization and π-conjugation, achieving a hole mobil-
ity of 1.85 × 10−4 cm2 V−1 s−1 and conductivity of 5.44 × 10−4 S cm−1. Its downshifted
HOMO/LUMO aligns perfectly with CsPbI2Br, enabling the ITO/SnO2/ZnO/CsPbI2Br/YT-
MPF/MoO3/Ag device to reach a PCE of 16.0% and retain 77% efficiency after 500 h
at 25% RH without encapsulation [164]. D-π-D architectures and coordination chem-
istry have also proven effective for performance optimization. Three D-π-D-type
small molecules (SY1, SY2, SY3) were synthesized with diphenylamine donors and
biphenyl/phenanthrene/pyrene π-bridges. Their HOMO levels (−5.22 to −5.25 eV)
matched CsPbI2Br’s VBM to facilitate hole extraction, while their LUMO levels (−2.13
to −2.74 eV) blocked electron back-transfer from the perovskite to the HTL (Figure 11G).
The SY3-based device (ITO/SnO2/ZnO2/CsPbI2Br/SY3/MoO3/Ag) achieved a PCE of
13.41% (Jsc = 14.93 mA/cm2, Voc = 1.19 V, FF = 0.755) [159]. Zhang et al. developed
YN3, a D-A-D small molecule based on cyclopenta-benzo-anthracene. Its large planar
π-conjugated structure promoted ordered film morphology and efficient charge transport.
Simultaneously, a lowered HOMO enhanced Voc, leading to a PCE of 12.05% for the FTO/c-
TiO2/meso-TiO2/CsPbI2Br/YN3/Au device [165]. TPE-S (tetraphenylethylene, TPE), a
three-dimensional small molecule, was designed. In this design, sulfur atoms were used to
substitute oxygen in TPE. The sulfur (S) atoms formed Pb-S and S-I bonds to passivate Pb2+

vacancies, and its deep HOMO level of −5.29 eV contributed to the reduction in energy loss.
The inverted device (ITO/TPE-S/CsPbI2Br/PCBM/ZnO/Ag) achieved a PCE of 15.4%
and a stable output (~14.3% over 650 s) with excellent thermal stability [166].

Conjugated Polymer Dopant-Free HTLs: Conjugated polymers dominate the land-
scape of dopant-free HTLs owing to their high hole mobility, excellent film-forming ability,
and structural tunability. Interface engineering for these materials is centered on the design
of D-A segments, side-chain functionalization, heteroatom incorporation, and molecular
stacking optimization, all of which are aimed at refining energy level alignment, passi-
vating interfacial defects, and suppressing charge recombination. Zhou’s team has made
pioneering contributions in the design of D-A polymers. They synthesized PBQ6 and PBQ9,
both of which incorporated BDT donors and quinoxaline (Qx) acceptors, but varied in
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the Qx side chains (alkyl-fluorothiophene for PBQ6 and alkyl-chlorothiophene for PBQ9)
(Figure 11H). The Cl atoms in PBQ9 established strong coordination bonds with undercoor-
dinated Pb2+ at the perovskite/HTL interface, thereby improving defect passivation and
long-term stability. The ITO/SnO2/CsPbI2Br/PBQ9/MoO3/Ag device achieved a PCE
of 16.41% and retained 96% efficiency after 850 h in air (<10% RH, unencapsulated) [160].
D-π-A polymers PE64 and PE65, which feature DTBDT donors, quinoxaline acceptors,
and thiophene π-bridges, were synthesized. The chlorinated thiophene side chains of
PE65 eliminated steric hindrance, enhanced Cl-π/Cl-S interactions to improve molecular
stacking, and formed coordination bonds with Pb2+ through S/N/Cl lone pairs. This
synergistic design resulted in a remarkable PCE of 17.60% and a Voc of 1.44 V for the
PE65-based device [167].

Side-chain engineering and heteroatom substitution serve as crucial strategies for
optimizing the performance of polymer HTLs. D-π-A polymers PE51-PE53 (with DTBDT
as donors and BTA as acceptors) were synthesized with different lengths of alkyl side-
chains (Figure 11I). Longer side-chains enhanced the electron-withdrawing ability of BTA,
reduced the HOMO levels, and changed the molecular stacking from edge-on to face-on,
significantly improving the hole mobility and hydrophobicity. The PE53-based device
achieved a PCE of 17.65% and retained ~94% efficiency after 840 h in air (<10% RH) [161].
Dai et al. utilized fluorine substitution to develop P-BTA-0F, P-BTA-2F, and P-BTA-4F
(Figure 12A). F···H/F···π interactions shortened π-π stacking distances, and the lowered
HOMO levels minimized Voc loss. The P-BTA-4F device (ITO/SnO2/CsPbI2Br/P-BTA-
4F/MoO3/Ag) reached a PCE of 17.68% and Voc of 1.43 V [168]. PDTDT was developed
by replacing bithiophene in poly(DTSTPD-r-BThTPD) with silole units (Figure 12C). Sil-
icon atoms inhibited backbone twisting, thereby enhancing planarity and π-π stacking.
Meanwhile, carbonyl groups coordinated with Pb2+ to passivate traps. The PDTDT-based
device (ITO/SnO2/SnOx/CsPbI2Br/PDTDT/Au) achieved a PCE of 17.36% under AM
1.5G illumination and a record PCE of 34.20% under 200 lux LED, which makes it suitable
for low-light applications [133].

 

Figure 12. (A) The 2D GIWAXS patterns of neat P−BTA−0F, P−BTA−2F films. Reproduced
or adapted from [168], with permission from Wiley−VCH, 2024. (B) Schematic diagram presenting
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energy levels of CsPbI2Br with respect to HOMO and LUMO lowest unoccupied molecular orbital)
levels of the different HTMs. Reproduced or adapted from [169], with permission from American
Chemical Society, 2020. (C) 2D GIWAXS pattern obtained by azimuthally integrating 2D GIWAXS
of PDTDT film coated on Si substrate. Reproduced or adapted from [136], with permission from
Wiley−VCH, 2021. (D) DMSO contact angle images for SpiPA-II HTLs. Reproduced or adapted
from [140], with permission from Elsevier, 2020. (E) Schematic diagram of the molecular stacking.
Reproduced or adapted from [170], with permission from Wiley−VCH, 2021. (F) Theoretical model
of PBDB−T HTLs deposited on CsPbI2Br film and CsPbI2Br−PT film. Black (1) and red (3) dotted
regions show the adsorption structure of PBDB−T HTL on the perovskite surfaces. Blue (2) and
green (4) dotted regions show the density distribution plots of the 110)−surface CsPbI2Br and
PBDB−T on the 110)−surface with antisite defects at the grain boundary, respectively. Reproduced
or adapted from [136], with permission from Wiley−VCH, 2021. (G) Device structure of CsPbI2Br
PSCs. Chemical structure of PM6 and the schematic illustration of surface passivation. Reproduced
or adapted from [171], with permission from American Chemical Society, 2021.

Other notable polymer designs included Miyasaka’s poly(DTSTPD-r-BThTPD), a
D-A polymer with a high hole mobility (1.5 × 10−3 cm2/V s) and HOMO (−5.44 eV),
which was well-matched with the VBM of CsPbI2Br’s (−5.58 eV). The FTO/c-TiO2/m-
TiO2/CsPbI2Br:1% Pb(CH3CH2COO)2/polymer/Au device achieved a PCE of 14.58%
with an FF of 0.81 [169]. PTQ10, a low-cost polymer with a HOMO (−5.23 eV) aligned to
the VBM of CsPbI2Br (Figure 12B), was also reported. Its F/N/S groups passivated Pb2+

to suppress recombination, which enabled the ITO/SnO2/CsPbI2Br/PTQ10/MoO3/Ag
device to reach a PCE of 17.8% and a Voc of 1.40 V [65].

Hybrid Polymer Systems and Advanced Fabrication Strategies: Hybrid polymer
blends and innovative fabrication processes further expand the performance boundaries
of dopant-free HTLs by optimizing interfacial wettability, molecular stacking, and con-
tact quality. Yang et al. developed SpiPA blend films (Spiro-OMeTAD + PTAA). Lateral
phase separation adjusted the wettability of the film, promoted the crystallization of
CsPbI2Br, and enhanced the intrinsic conductivity of Spiro-OMeTAD (Figure 12D). The
resulting ITO/SpiPA-II/CsPbI2Br/ZnO:C60/Ag device exhibited a low hysteresis index of
10.9% and a trap density of 4.36 × 1016 cm−3 [140]. Poly(3-hexylthiophene) (P3HT) was
modified using SMe-TATPyr to synthesize a hybrid HTL. SMe-TADTPyr disrupted the
edge-on crystalline order of P3HT, facilitating face-on stacking to enhance hole mobility
(Figure 12E). Simultaneously, it formed Pb-S/Cs-S bonds to passivate interfacial defects.
The ITO/SnO2/CsPbI2Br/P3HT/SMe-TATPyr/Au device achieved a PCE of 16.93% [170].
Li et al. implemented a top-down gradient distribution of polymer donors (e.g., PBDB-T)
via anti-solvent processing (Figure 12F). The fibrous PBDB-T network induced the ordered
self-assembly of the HTL, thereby enhancing the interfacial contact with CsPbI2Br. This de-
vice achieved a PCE of 16.40% and retained 81% efficiency after 1000 h of maximum power
point (MPP) operation [172]. A fluorine-substituted donor polymer PM6 was designed,
with a HOMO of −5.47 eV (Figure 12G). This polymer featured an energy level alignment
with CsPbI2Br and formed coordination bonds with PbI6

4−, effectively promoting inter-
facial charge transport. A PSC based on the ITO/SnO2/ZnO/CsPbI2Br/PM6/MoO3/Ag
structure achieved a PCE of 16.06% with an FF of 82.54%, demonstrating excellent photo-
voltaic performance [171]. D18 and D18-Cl were D-A polymers incorporating S/N atoms,
which could passivate Pb2+ and compensate for thermal stress. Among these two poly-
mers, D18-Cl attained a PCE of 16.73% with an FF exceeding 85% [173]. And H-Z1–H-Z3
(polytriphenylamine derivatives with electron-withdrawing substituents) was developed.
Among them, the lowered HOMO (−5.44 eV) of H-Z2 enabled a PCE of 14.4% (Voc = 1.28 V,
Jsc = 14.7 mA/cm2, FF = 76.4%) [174].

Supplementary Optimization Strategies: Interlayer integration and HOMO tuning
represent additional avenues for interfacial engineering. Tian et al. combined an undoped
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PDCBT HTL with an amino-functionalized PN4N interlayer (Figure 13A). N-Cs/S-Cs
bonds passivated the unsaturated Cs+, and the N-Pb/S-Pb bonds eliminated deep-level
defects. This led to the fabrication of an ITO/SnO2/PN4N/CsPbI2Br/PDCBT/MoO3/Ag
device with a PCE of 16.2% (Voc = 1.30 V, Jsc = 15.3 mA/cm2, FF = 81.5%) [107]. Polymers
with adjustable HOMOs, including poly(3-hexylthiophene) (P3HT), poly(triarylamine) (P-
TAA), poly(9,9-dioctylfluorene-alt-triarylamine) (PF8-TAA), and poly[(9,9-dioctylfluorene)-
co-(N-(4-butylphenyl)diphenylamine) (PIF8-TAA), were compared. The relatively deep
HOMO level (−5.52 eV) of PIF8-TAA minimized the Voc loss, allowing the FTO/bl-TiO2/m-
TiO2/CsPbI2Br/PIF8-TAA/Au device to achieve a PCE of 14.86% under reverse scan-
ning [175]. Poly(3-alkylthiophenes) (P3BT, P3HT, P3OT) were studied on alkylammonium
bromide-passivated CsPbI2Br (Figure 13D). The edge-on orientation of P3BT enhanced
hole mobility, resulting in a PCE of 13.7% for the FTO/TiO2/CsPbI2Br-nBABr/P3BT/Au
device [176].

 

Figure 13. (A) Charge density distribution plots of CsPbI2Br 110) surface with an antisite de-
fect. PN4N and PDCBT on CsPbI2Br 110) surface passivating the antisite defect. Reproduced
or adapted from [107], with permission from Wiley−VCH, 2019. (B) Schematic device structure
of n–i–p type mesoscopic the CsPbI2Br PSC and its corresponding band energy diagram. Repro-
duced or adapted from [175], with permission from American Chemical Society, 2019. (C) GIWAXD
pattern in out−of−plane directions of P3BT, P3HT, and P3OT. Reproduced or adapted from [176],
with permission from American Chemical Society, 2023. (D) Energy level diagram of each layer
calculated from UPS analysis. Reproduced or adapted from [61], with permission from Wiley−VCH,
2020. (E) The corresponding energy−level diagram exhibiting the collection process of photoinduced
holes and electrons. Reproduced or adapted from [75], with permission from Wiley−VCH, 2020.
(F) Synthetic diagram of core−shell ZnO@SnO2 nanoparticles. Reproduced or adapted from [114],
with permission from American Chemical Society, 2019.

Table 4. Dopant-free hole transport layers reported in the literature for CsPbI2Br PSCs.

Device Architecture Active Area
(cm2)

PCE
(%)

Jsc
(mA/cm2)

Voc
(V)

FF
(%) YearRefs.

FTO/bl-TiO2/m-TiO2/CsPbI2Br/PF8-TAA/Au 0.096 14.2 14.53 1.24 78.79 2019 [175]

ITO/SnO2/ZnO2/CsPbI2Br/YT3/MoO3/Ag 0.09 13.36 14.65 1.2 76 2019 [163]
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Table 4. Cont.

Device Architecture Active Area
(cm2)

PCE
(%)

Jsc
(mA/cm2)

Voc
(V)

FF
(%) YearRefs.

FTO/c-TiO2/meso-TiO2
/CsPbI2Br/YN3/Au 0.09 12.05 14.94 1.12 72 2019 [165]

FTO/TiO2/CsPbI2Br/(F4-TCNQ+2mF-X59)/Au 0.09 14.42 15.2 1.23 77.14 2019 [155]

ITO/ZnO/SnO2/CsPbI2Br/PSQ2/MoO3/Ag / 15.5 15.4 1.27 79 2019 [68]

ITO/SnO2/PN4N/CsPbI2Br/PDCBT/MoO3/Ag 0.04 16.2 15.3 1.3 81.5 2019 [107]

ITO/SnO2/CsPbI2Br/SnPc/Carbon 0.09 11.39 13.37 1.24 66.9 2020 [157]

FTO/c-TiO2/m-TiO2
/CsPbI2Br:1% Pb(CH3CH2COO)2

/poly(DTSTPD-r-BThTPD)/Au
0.09 14.58 15.66 1.15 81 2020 [169]

ITO/TPE-S/CsPbI2Br/PCBM/ZnO/Ag 0.04 15.4 15.6 1.26 78.5 2020 [166]

ITO/SpiPA-II/CsPbI2Br/ZnO:C60/Ag 0.04 12.52 14.3 1.14 76.43 2020 [140]

Glass/FTO/NiOx/CsPbI2Br/ZnO@C60/Ag 0.09 12.6 15.1 1.1 75.6 2020 [152]

ITO/SnO2/ZnO/CsPbI2Br/PM6/MoO3/Ag 0.09 16.06 15.68 1.24 82.54 2021 [171]

ITO/TiO2/SnO2/CsPbI2Br-PT/PBDB-T/MoO3/Ag 0.1 16.4 16.16 1.24 82.05 2021 [136]

ITO/SnO2/CsPbI2Br/P3HT/SMe-TATPyr/Au 0.1 16.93 14.99 1.38 81 2021 [170]

ITO/SnO2/ZnO/CsPbI2Br/YT-MPF/MoO3/Ag / 16 15.48 1.29 79.63 2021 [164]

ITO/SnO2/CsPbI2Br/L2/Ag / 12.41 13.73 1.21 75.02 2021 [158]

ITO/SnO2/ZnO2/CsPbI2Br/SY3/MoO3/Ag 0.09 13.41 14.93 1.19 75.5 2021 [159]

ITO/SnO2/CsPbI2Br/PCDA1/Au 0.055 11.01 14.55 1.07 69 2022 [173]

ITO/SnO2/CsPbI2Br/PTQ10/MoO3/Ag 0.04 17.8 15.24 1.4 83.2 2022 [65]

ITO/SnO2/CsPbI2Br/PE61/MoO3/Ag 0.04 16.72 14.52 1.4 82.23 2023 [177]

FTO/TiO2/CsPbI2Br-nBABr/P3BT/Au 0.09 13.7 14.8 1.12 82 2023 [176]

ITO/SnO2/CsPbI2Br
/PE53/MoO3/Ag 0.04 17.65 15.07 1.42 82.48 2023 [161]

ITO/SnO2/CsPbI2Br/PE65/MoO3/Ag 0.05 17.6 14.54 1.44 84.08 2024 [167]

ITO/SnO2/CsPbI2Br/P-BTA-4F/MoO3/Ag 0.05 17.68 14.85 1.43 83.27 2024 [168]

FTO/NiOx/CsPbI2Br/C60/BCP/Ag / 8.94 14.42 1.04 59.8 2024 [93]

ITO/SnO2/CsPbI2Br/PBQ9/MoO3/Ag / 16.41 14.1 1.4 83.13 2025 [160]

FTO/TiO2/CsPbI2Br/CuSCN/Fe / 14.66 16.46 1.16 76.57 2025 [156]

4.2. ETL Modifications

The ETL serves as a critical component in CsPbI2Br PSCs, governing three core device
metrics: efficient electron extraction from the perovskite absorber, suppression of interfacial
charge recombination, and long-term operational stability (Figure 13B). Given its pivotal
role in optimizing energy level alignment, reducing trap-state density, and mitigating
interfacial strain, the rational modification of ETLs has emerged as a forefront strategy
to advance the photovoltaic performance of CsPbI2Br PSCs (Figure 13C). In recent years,
extensive efforts have been devoted to tailoring ETLs based on three archetypal materials,
namely TiO2, SnO2, and ZnO, through doping, surface passivation, structural engineering,
and composite integration. Subsequently, we systematically review the state-of-the-art
modification strategies, underlying mechanisms, and performance outcomes for each ETL
system (Figure 13E). Table 5 summarizes the ETL modifications reported for CsPbI2Br PSCs.

TiO2-Based ETL Modifications: TiO2 has long been a benchmark ETL for perovskite
photovoltaics due to its favorable CB position, chemical stability, and facile fabrication. For
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CsPbI2Br PSCs, modifications to TiO2, either in its pure form or as a composite, primarily
focus on optimizing energy level alignment, enhancing electron mobility, and passivating
interfacial defects. Direct modification of TiO2’s surface or crystal structure has proven
effective in addressing its intrinsic limitations (e.g., low electron mobility, surface oxygen
vacancies). Chen’s group developed a carbide-doped TiO2 (C-TiO2) ETL by depositing
monodisperse TiO2 NCs followed by a controlled heat treatment process. The C-doping
shifted the CBM of TiO2 to −3.63 eV, which exhibited a near-perfect alignment with
the CBM of CsPbI2Br at −3.56 eV. This precise matching of energy levels provided a
strong driving force for efficient electron extraction, while simultaneously minimizing
interfacial charge recombination. As a result, the FTO/NiMgLiO/CsPbI2Br/C-TiO2/Ag
device was able to attain a maximum PCE of 14.0% along with a low hysteresis index (HI)
of 0.058, which is attributed to the suppression of ion migration at the perovskite–ETL
interface [115]. The structural optimization of TiO2 further expanded its utility. TiO2

nanorod arrays (TiO2 NRAs) were adopted as the ETL, and CsCl was incorporated at the
TiO2–perovskite interface. The one-dimensional (1D) structure of TiO2 NRAs provided
directional electron transport pathways, reducing random voids and enhancing light
absorption/charge separation. Meanwhile, CsCl passivated the interfacial defect states
and precisely adjusted the energy band alignment. Despite achieving a moderate PCE
of 11.45%, this work highlighted the potential of structural engineering in enhancing the
compatibility between the ETL and perovskite [118].

To synergistically utilize the advantages of multiple materials, composite and multi-
layer TiO2-based ETLs have been developed. Lan’s team constructed a TiO2@Sb2S3-MPA
multi-contact ETL by anchoring mercaptopropionic acid (MPA)-modified Sb2S3 nanopar-
ticles (replacing long-chain oleic acid to enhance dispersibility) on TiO2. This design
improved ETL electron mobility, promoted vertical grain growth of the CsPbI2Br film, and
established efficient charge transport channels, which were critical for thermal stability.
The resulting device (FTO/TiO2/TiO2@Sb2S3-MPA/CsPbI2Br/carbon) retained 96.4% of
its initial efficiency after 28 days of thermal aging at 85 ◦C under N2 [126]. TiO2-ZnO
composite ETLs were investigated through the optimization of the ZnO nanowire embed-
ding ratio. The composite integrated the long electron lifetime of TiO2 and the superior
electron mobility of ZnO nanowires, thereby forming a compact electron-selective layer
with reduced charge transfer resistance (Figure 13F). This synergistic effect enhanced the
ITO/TiO2/ZnO/CsPbI2Br/Carbon device to achieve an optimal PCE of 10.53% [125].

SnO2-Based ETL Modifications: SnO2 has emerged as a compelling alternative to
TiO2 for CsPbI2Br PSCs, owing to its significantly higher electron mobility (~200 vs.
~0.1–1 cm2 V−1 s−1 for TiO2) and low-temperature processability (<150 ◦C), which is well-
compatible with flexible substrates. Modification strategies for SnO2-based ETLs focus on
enhancing surface passivation, optimizing energy level alignment, and improving film
uniformity. Li’s team developed an interpenetrating contact structure (Im-SnO2) by in-
tegrating nanoparticle-type SnO2 (NP-SnO2) with colloidal-type SnO2 (Col-SnO2). This
dual-component ETL featured a cascaded energy level configuration, which synergistically
combined the high electron mobility of NP-SnO2 and the smooth surface properties of Col-
SnO2 to narrow the energy level offset between CsPbI2Br and ITO. Consequently, efficient
electron extraction was achieved, interfacial recombination was significantly suppressed,
and the ITO/Im-SnO2/CsPbI2Br/Spiro-OMeTAD/Au device delivered a champion PCE
of 16.10%. Notably, unencapsulated devices maintained 91% of their initial efficiency
after 300 h of ultraviolet (UV) irradiation and 96% after 1000 h of storage under 30% RH,
underscoring exceptional environmental stability [120]. Chemical doping of SnO2 has
been widely adopted to tailor its electronic properties. SnO2 was doped with potassium
fluoride (KF), which deepened the SnO2 CBM to −3.34 eV, improving alignment with
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CsPbI2Br’s CB, and passivated interfacial defects via F− ions, reducing trap state density.
The ITO/SnO2-KF/CsPbI2Br/Spiro-OMeTAD/MoO3/Ag device achieved a PCE of 15.39%
with a Voc of 1.31 V [124]. Li’s group further introduced choline chloride (ChCl) into SnO2.
The hydroxyl group in ChCl coordinated with uncoordinated Sn2+ ions, forming a Lewis
adduct to passivate the ETL, and improved interfacial contact between SnO2 and CsPbI2Br.
This modification enabled a PCE of 17.06% with 92% efficiency retention after 500 h in a
glovebox [178].

Optimizing the fabrication of SnO2 films through solution processing has proven to
be effective in improving film quality. Guo et al. aged the SnCl2 precursor solution for
the preparation of SnOx ETLs. This aging process induced hydrolysis and alcoholysis
reactions, which led to the formation of smaller particles (Figure 14B). As a result, particle
aggregation was reduced, and a uniform and smooth film was obtained. The increase in
Sn4+ content and the elevation of the CB further reduced the Voc deficit. Consequently, the
ITO/SnO2 + SnCl2/CsPbI2Br/poly-DTSTPD-r-BThTPD/Au device was able to achieve
a PCE of over 15.5%, with a champion Voc of 1.43 V [119]. Urea was introduced into
the SnO2 colloidal solution. During this process, the decomposition of urea led to the
generation of NH4

+ ions, which served to stabilize the colloid and oxidize Sn2+ to Sn4+.
Subsequently, this promoted the dehydration of Sn(OH)4 to SnO2. The resultant ultra-
smooth SnO2 NCs (u-SnO2) ETL enabled a PCE of 16.22% and a Voc of 1.30 V for the ITO/u-
SnO2/CsPbI2Br/P3HT/Ag device [130]. Surface passivation of SnO2 for the reduction of
oxygen vacancies has also been a crucial focus (Figure 14A). SnO2 films were fabricated
through Liquid Phase Deposition (LPD). During the annealing process, NH4

+ and BF4
− ions

interacted with the SnO2 surface, thereby reducing the concentration of oxygen vacancies
and non-radiative recombination pathways. As a result, the dark current of the device was
reduced to 7.82 × 10−11A/cm2 [179].

Beyond chemical strategies, physical treatments have been utilized to optimize the
properties of SnO2. Zhou et al. implemented a short-period deep ultraviolet (DUV)
activation process on SnO2, which led to a reduction in its work function by 0.31 eV and
an increase in its CBM by 0.26 eV, thereby improving the energy alignment with CsPbI2Br
(Figure 14C). The DUV treatment also decreased the surface roughness, mitigated the
lattice mismatch, promoted perovskite crystallization, and reduced the defect density. The
champion device (ITO/SnO2/CsPbI2Br/Spiro-OMeTAD/Ag) attained a PCE of 15.1% with
96% efficiency retention after 30 days in N2 [121]. Multilayer cascade structures further
minimized the interfacial energy barriers. A dual ETL composed of SnO2 nanoparticles
and TiO2 NCs was designed. In this design, inserting TiO2 NCs between SnO2 and
CsPbI2Br formed a gradient CB. This configuration reduced the interfacial energy barrier,
mitigated charge accumulation, and suppressed recombination, enabling the champion
device (ITO/SnO2/TiO2/CsPbI2Br/Spiro-OMeTAD/MoO3/Ag) to achieve a peak PCE of
15.86% with 95% efficiency retention after one-month unencapsulated storage in N2 [116].

ZnO-Based ETL Modifications: ZnO represents another promising candidate for
the ETL in CsPbI2Br PSCs. It is characterized by a favorable band structure, low cost,
and high electron mobility. The key modification strategies primarily concentrate on
alleviating interfacial strain, passivating defects, and optimizing energy level alignment,
aiming to address the intrinsic limitations of ZnO, such as surface hydroxyl groups and
oxygen vacancies. Ivaturi’s group validated ZnO’s potential via Electron Backscatter
Diffraction (EBSD) and Cathodoluminescence (CL) spectroscopy. ZnO exhibited a thermal
expansion coefficient matching CsPbI2Br, reducing interfacial strain and promoting large
grain growth, and maintained uniform light emission at high temperatures, outperforming
TiO2 and SnO2 (Figure 14D) [180]. ZnO was doped with Ca2+ ions, resulting in an upward
shift in the ZnO CBM to 4.13 eV. This shift optimized the alignment with CsPbI2Br and
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enhanced electron extraction and transport. The ITO/ZnO:Ca/CsPbI2Br/PM6/MoO3/Ag
device achieved a champion PCE of 16.39% with a high Voc of 1.292 V [129]. In situ
chemical doping was employed using Pb(Ac) or CsAc (Figure 14E). Pb(Ac)-doped ZnO
(ZnO:Pb) led to a 0.15 eV CB shift in comparison to CsPbI2Br, which mitigated ohmic
losses. Meanwhile, both dopants enhanced the crystallinity and crystal orientation of the
perovskite, resulting in a champion PCE of 16.36% (Figure 14F) [122]. ZnO was doped
with Mg to form MgZnO NCs. The doping of Mg led to a reduction in surface hydroxyl
groups and oxygen vacancies, thereby suppressing interface recombination. Additionally,
it shifted the CB from 3.75 eV to 3.65 eV, which optimized the energy alignment. The
FTO/MgZnO/MnCl2:CsPbI2Br/P3HT/Au device achieved a best PCE of 15.52%, with
unencapsulated devices retaining over 95% efficiency after 400 h of continuous heating at
85 ◦C [181].

 

Figure 14. (A) Isosurface plots of the highest occupied valence band left) and the lowest occupied
conduction band right) of SnO2 110) with oxygen vacancies. Reproduced or adapted from [123],
with permission from American Chemical Society, 2021. (B) Schematic diagram of the proposed
reaction mechanism. Reproduced or adapted from [130], with permission from Wiley−VCH, 2023.
(C) SnO2 without DUV treatment and with DUV treatment. Conducting AFM of SnO2 films without
DUV treatment and with DUV treatment. Reproduced or adapted from [75], with permission from
Wiley−VCH, 2020. (D) Stress compensation strategy model of materials. Reproduced or adapted
from [177], with permission from American Chemical Society, 2023. (E) Structure of an n–i–p type
inorganic PSCs. Scheme of interactions between CH3COO− ligands and CsPbI2Br. Reproduced or
adapted from [117], with permission from Wiley−VCH, 2020. (F) Schematic diagram of the n–i–p
PSC with versatile KAc material. Reproduced or adapted from [127], with permission from American
Chemical Society, 2023.
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Gradient doping and bilayer structures have further improved the performance
of ZnO-based ETLs. A gradient doping strategy was proposed through the utiliza-
tion of the bicationic iodine salt BFBAI2 to dope both the perovskite and ZnO lay-
ers. BFBAI2 enhanced the crystallinity of the perovskite, thereby reducing grain
boundary defects, and introduced an additional electric field, which strengthened
the built-in electric field for carrier separation and transport. The champion device
(ITO/NiOx/CsPbI2Br:BFBAI2/ZnO@C60:BFBAI2/Ag) achieved a PCE of 14.38% with 90%
efficiency retention after 280 h of thermal aging at 85 ◦C [182]. For inverted CsPbI2Br
PSCs, Liu et al. designed a ZnO@C60 bilayer ETL. The C60 layer filled pinholes in ZnO,
reducing interface recombination, enhanced charge extraction, and lowered leakage loss
and trap-state density, enabling a PCE of up to 13.3% with a stabilized power output (SPO)
of ~12% over 1000 s [113].

Table 5. Summary of ETL modifications reported for CsPbI2Br PSCs.

Device Architecture Active Area
(cm2)

PCE
(%)

Jsc
(mA/cm2)

Voc
(V)

FF
(%) YearRefs.

FTO/TiO2/CsPbI2Br/FA+CsPbX3/FA+QDs/PTAA/Au / 14.12 14.51 1.223 79.6 2018 [138]

FTO/TiO2-PCBM/CsPbI2Br/Spiro-OMeTAD/Au 0.06 14.5 16.8 1.079 80.1 2019 [110]

ITO/SnO2/CsPbI2Br/Spiro-OMeTAD/MoO3/Ag 0.075 14.05 15.4 1.18 80.7 2019 [102]

FTO/TiO2/BQDs/CsPbI2Br/PTAA/Au 0.09 15.31 15.18 1.28 78.54 2021 [103]

FTO/c-TiO2/CsPbI2Br/Carbon / 14.46 14.21 1.28 79.4 2021 [104]

ITO/ZnO/Mg0.15Zn0.85/CsPbI2Br/PM6/MoO3/Ag / 16.04 15.8 1.34 78 2021 [109]

ITO/ZnO-SnO2/CsPbI2Br@GABr
/Spiro-OMeTAD/Ag / 16.97 15.9 1.31 81.48 2021 [111]

ITO/ZnO/CsPbI2Br/4t-5CzBn/Spiro-OMeTAD/MoO3/Ag 0.0725 17.34 15.78 1.33 82.3 2021 [172]

ITO/SnO2/CsPbI2Br/PTU or PU/Carbon / 12.62 14.66 1.2 72 2021 [83]

ITO/SnO2/CsPbI2Br/Spiro-OMeTAD/CBA/Ag 0.044 14.32 15.17 1.21 78 2021 [95]

FTO/TiO2/CsPbI2Br
/BMMIMBF4/Spiro-OMeTAD/Au 0.09 17.02 15.96 1.33 80.08 2022 [112]

FTO/c-TiO2/CsPbI2Br(FADP)
/FADP/Spiro-OMeTAD/Ag / 16.74 15.28 1.34 80.2 2022 [183]

ITO/SnO2/KTFA/CsPbI2Br/CF3PMBr/Carbon / 14.05 14.98 1.27 73.7 2022 [84]

ITO/TiO2/CsPbI2Br/ATHPBr/Carbon / 14.5 14.28 1.3 78.11 2022 [85]

ITO/SnO2/2D/3D CsPbI2Br/Spiro-OMeTAD/Ag / 16.57 15.92 1.28 81.35 2022 [10]

ITO/SnO2/CsPbI2Br(CsPbBr3 NCs)/CsPbBr3 NCs/P3HT/Ag / 17.03 15.84 1.37 78 2023 [137]

5. Challenges and Future Directions
Despite the notable progress achieved in the interface engineering of CsPbI2Br PSCs,

such as defect passivation, band alignment optimization, and stability enhancement, several
crucial bottlenecks still exist, which impede their commercialization and performance
breakthroughs. These challenges are intrinsically associated with the distinctive ionic
nature, phase sensitivity, and interfacial reactivity of CsPbI2Br, necessitating targeted
strategies based on materials science, chemistry, and engineering. In the following section,
we systematically delineate the key challenges and put forward future research directions,
incorporating the insights derived from recent experimental and theoretical advancements.

5.1. Key Challenges

Intrinsic Interface Defects and Non-Radiative Recombination: CsPbI2Br perovskites
inherently suffer from interfacial defects at the perovskite/CTL and perovskite/electrode
interfaces, originating from lattice mismatches, undercoordinated ions (e.g., Pb2+, I−, Br−),
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and chemical incompatibility between adjacent layers [16]. These defects act as SRH
recombination centers, inducing non-radiative charge carrier loss and limiting the Voc

and PCE [105]. Unlike organic–inorganic hybrid perovskites, the all-inorganic nature of
CsPbI2Br leads to more rigid lattice structures, exacerbating defect formation at interfaces
with organic or inorganic CTLs [8]. For instance, the mismatch in coefficients of thermal
expansion between CsPbI2Br and metal oxides (e.g., TiO2, SnO2, NiOx) generates me-
chanical stress during fabrication and operation, further increasing defect density [184].
Current passivation strategies, such as SAMs and molecular additives, often provide only
partial defect coverage or suffer from poor long-term stability, failing to fully suppress
non-radiative recombination [16]. Additionally, halide vacancy defects at CsPbI2Br inter-
faces are particularly prevalent due to the high mobility of I−/Br− ions, which aggravates
charge trapping and recombination [185].

Interface-Mediated Phase Instability and Chemical Degradation: The chemical stability
of CsPbI2Br interfaces remains a major concern, as interfacial reactions and environmen-
tal stressors (moisture, oxygen, thermal cycling) accelerate phase transition and device
degradation [8]. CsPbI2Br is prone to transforming from the photoactive cubic α-phase
to the non-photoactive orthorhombic δ-phase, a process that is often triggered or exacer-
bated by interface interactions [186]. For example, metal oxide CTLs (e.g., NiOx) can react
with halide ions in CsPbI2Br, leading to the formation of inactive lead halide phases (e.g.,
PbI2, PbBr2) at the interface, which impede charge transfer [19]. Moisture ingress through
interface gaps induces hydrolysis of CsPbI2Br, resulting in lattice decomposition and sur-
face defect formation. Even in relatively dry environments, interfacial ion migration (e.g.,
Cs+ diffusion into CTLs) can disrupt the perovskite lattice and alter band alignment over
time [187]. Encapsulation can mitigate moisture-related issues but increases fabrication
costs and may not address intrinsic interface chemical incompatibility [188].

Band Alignment Mismatch and Charge Transport Limitations: Efficient charge ex-
traction in CsPbI2Br PSCs relies on well-aligned energy bands between the perovskite
and CTLs. However, the intrinsic bandgap of CsPbI2Br (~1.91 eV) presents challenges
in achieving optimal band alignment with common CTLs [8]. For instance, traditional
TiO2 ETLs exhibit a CBM that is not ideally matched with CsPbI2Br, leading to electron
extraction barriers and increased recombination [43]. Similarly, NiOx HTLs often suffer
from mismatched VBM with CsPbI2Br, limiting hole extraction efficiency [60]. Interface
engineering strategies such as doping and SAM modification have been employed to tune
band alignment, but these approaches often introduce additional defects or increase process
complexity [70]. Furthermore, the low charge mobility of CsPbI2Br compared to hybrid
perovskites (e.g., MAPbI3) exacerbates charge accumulation at interfaces, particularly in
large-area devices, leading to increased series resistance and FF loss [189].

Mechanical Delamination and Large-Area Scalability: Mechanical stability at interfaces
is critical for the scalability and long-term reliability of CsPbI2Br PSCs. The weak adhesion
between CsPbI2Br and CTLs/electrodes, combined with thermal expansion mismatch
between layers, leads to interfacial delamination under thermal cycling or mechanical
stress [190]. This issue is particularly pronounced in large-area devices, where uniform
interface adhesion is difficult to achieve using conventional fabrication methods (e.g., spin-
coating) [191]. Although interface modifiers such as SAMs and molecular glues have been
shown to enhance interfacial toughness [184], their effectiveness in large-area fabrication
remains limited due to non-uniform coverage and process variability. Additionally, the scal-
ability of interface engineering strategies (e.g., precise SAM deposition, in situ passivation)
to industrial-scale production (e.g., roll-to-roll coating) is challenging, as most lab-scale
techniques are not compatible with high-throughput manufacturing [192].
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5.2. Future Research Directions

Multifunctional Interface Passivation: Future research should focus on developing
multifunctional interface passivation materials that simultaneously address defect passiva-
tion, band alignment tuning, chemical stability enhancement, and mechanical adhesion [16].
Tailored dye-based SAMs with extended π-conjugation structures are promising candi-
dates, as they can provide dual-side passivation of both perovskite and CTL surface defects
while their adjustable molecular dipoles enable precise band alignment optimization [23].
For example, the N719 dye SAM inserted at the NiOx/CsPbI2Br interface simultaneously
passivated undercoordinated Pb2+ and Ni3+ defects, enhanced hole injection, and im-
proved device stability [23]. Integrating Lewis acid–base functional groups into passivation
molecules can selectively bind to undercoordinated ions (e.g., Pb2+, I−) at the CsPbI2Br
interface, suppressing non-radiative recombination more effectively than single-functional
passivators [193]. Additionally, crosslinkable passivation layers (e.g., polymerized SAMs)
can enhance mechanical stability and prevent moisture ingress, improving long-term device
reliability [194].

All-Inorganic Interface Architectures for Enhanced Stability: Given the chemical
stability advantages of inorganic materials, the development of all-inorganic interface
architectures holds great promise for CsPbI2Br PSCs [8]. Replacing organic CTLs with
inorganic alternatives (e.g., CuI, CuSCN, Cs2SnI6) can reduce interfacial chemical reactions
and improve thermal stability. For instance, inorganic HTLs such as CuCrO2 and NiMgLiO
have shown favorable band alignment with CsPbI2Br and enhanced chemical compatibility,
leading to improved device stability [57,156]. The design of core–shell structured inorganic
CTLs (e.g., SnO2@ZnS) can create a gradient band structure at the interface, facilitating
charge extraction while blocking recombination [193]. Furthermore, all-inorganic interfaces
offer the potential for high-temperature processing compatibility, enabling the fabrication
of durable devices suitable for harsh environments [8]. Combining inorganic CTLs with
interfacial passivation using inorganic salts (e.g., CsCl, RbI) can further suppress defect
formation and ion migration [195].

In Situ Interface Characterization and Computational Design: Advances in in situ
characterization techniques are essential for gaining a fundamental understanding of inter-
face dynamics in CsPbI2Br PSCs under operating conditions [16]. Techniques such as in
situ X-ray photoelectron spectroscopy (XPS), grazing incidence wide-angle X-ray scattering
(GIWAXS), and Kelvin probe force microscopy (KPFM) can provide real-time insights
into interface defect formation, phase transition, and chemical reactions during device
fabrication and operation [196]. Combined with density functional theory (DFT) calcula-
tions, these characterization tools can guide the rational design of interface materials by
predicting band alignment, defect formation energies, and chemical compatibility [197]. For
example, DFT simulations can screen potential passivation molecules and CTL materials to
identify optimal candidates with tailored energy levels and binding affinities for CsPbI2Br,
reducing the need for trial-and-error experimentation [198]. Machine learning approaches
can further accelerate the discovery of multifunctional interface materials by correlating
molecular structures with passivation efficiency and stability [199].

Scalable Interface Fabrication for Industrial Production: To enable commercialization,
interface engineering strategies must be compatible with large-area scalable fabrication
methods [8]. Roll-to-roll (R2R) compatible techniques such as slot-die coating, blade coating,
and spray coating should be developed for the deposition of passivation layers, CTLs, and
electrodes. For instance, slot-die coated SAMs with uniform coverage can be integrated into
R2R processes to achieve consistent interface properties across large-area substrates [192].
The development of self-healing interface materials can mitigate delamination issues in scal-
able devices by repairing interface cracks and defects during operation [200]. Additionally,
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low-temperature processing (<150 ◦C) of interface layers is critical for fabricating CsPbI2Br
PSCs on flexible substrates (e.g., PET, polyimide), which requires optimizing precursor
formulations and deposition parameters to maintain interface quality [201]. The integration
of interface engineering with scalable fabrication also requires minimizing performance
variability, which can be achieved by optimizing process parameters (e.g., temperature,
humidity, deposition speed) and developing in-line quality control techniques [191].

Tandem Solar Cell Integration: CsPbI2Br’s optimal bandgap (~1.91 eV) makes
it a promising top cell material for perovskite/silicon or all-perovskite tandem solar
cells [11,12,202,203]. However, interface engineering for tandem applications faces unique
challenges, such as the need for transparent and conductive intermediate layers, as well as
compatible interface properties between the top and bottom cells [204]. Future research
should focus on developing interface layers that enable efficient charge transfer between
CsPbI2Br top cells and bottom cells (e.g., silicon, narrow-bandgap perovskites) while main-
taining high optical transparency [11,12,202,203]. For example, TCOs modified with SAMs
can serve as both intermediate electrodes and interface passivation layers, reducing series
resistance and enhancing tandem device performance [70]. Additionally, interface engi-
neering to suppress halide ion migration between the top and bottom cells is critical for
maintaining tandem device stability [205–207]. The development of tunnel junctions with
tailored band alignment and low parasitic absorption will further maximize the efficiency
of CsPbI2Br-based tandem cells [204].

Interface engineering plays a pivotal role in determining the performance, stability, and
scalability of CsPbI2Br PSCs. Despite significant progress, challenges related to interface de-
fects, chemical instability, band alignment mismatch, and mechanical delamination remain
unresolved. Addressing these challenges requires a multidisciplinary approach combining
materials science, chemistry, and engineering, with a focus on multifunctional interface
materials, in situ characterization, and scalable fabrication techniques. The development
of innovative interface engineering strategies not only will enhance the performance and
stability of CsPbI2Br PSCs but also will accelerate their integration into tandem solar cells
and large-scale commercial applications. With continued research efforts, CsPbI2Br PSCs
have the potential to become a key component of next-generation photovoltaic technologies,
contributing to the global transition toward renewable energy.

6. Conclusions
CsPbI2Br has established itself as a leading all-inorganic perovskite material for next-

generation photovoltaics, owing to its excellent thermal stability, optimal bandgap, and
outstanding optoelectronic properties. As thoroughly discussed in this review, interface
engineering serves as a critical enabler for overcoming the intrinsic limitations of CsPbI2Br
PSCs, addressing key challenges such as interfacial defect density, non-radiative recombi-
nation, phase instability, and scalability constraints. We have systematically examined the
latest advances in tailoring hetero-interfaces, including ETL/perovskite, perovskite/HTL,
and electrode/CTLs, which govern charge dynamics and device lifetime. Notable strate-
gies include: (1) functional molecular passivation and ionic liquid modification for defect
suppression; (2) composite interlayers to facilitate charge transport and energy level align-
ment; (3) 2D/3D heterostructures and SAMs to enhance interfacial stability and inhibit ion
migration; and (4) dopant-free transport layers that improve compatibility with low-cost
electrodes and flexible substrates. Finally, these strategies have enabled single-junction
CsPbI2Br PSCs to achieve a PCE of over 18%, while simultaneously enhancing their opera-
tional stability under thermal, humidity, and light-soaking stress conditions.

Both conventional (n-i-p) and inverted (p-i-n) architectures have benefited from tai-
lored interface designs. In n-i-p devices, low-temperature ETLs and stable inorganic HTLs
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have reduced interfacial resistance and improved thermal compatibility. In p-i-n config-
urations, modified HTLs and robust ETL stacks have suppressed chemical degradation
and enhanced charge extraction. These developments underscore the versatility of in-
terface engineering in adapting to varied device layouts and processing requirements.
Despite significant progress, several challenges remain. Incomplete defect passivation,
interfacial phase transitions, and difficulties in scaling lab-based modifications to industrial
production continue to hinder commercialization. Furthermore, a deeper understanding of
interfacial phenomena under real operating conditions is essential. Looking forward, future
efforts should focus on: (1) developing multifunctional interfacial materials capable of
simultaneous defect passivation, band alignment, and stability enhancement; (2) advancing
all-inorganic contact layers to improve environmental and thermal resilience; (3) integrat-
ing in situ characterization and computational modeling for rational interface design; and
(4) enabling tandem solar cell applications through optically transparent and electrically
efficient interlayers.

In conclusion, interface engineering has been pivotal in unlocking the potential of
CsPbI2Br PSCs, bridging the gap between material properties and device performance.
With continued innovation in interfacial design and scalable processing, CsPbI2Br-based
photovoltaics are poised to play a vital role in the future of high-efficiency, stable, and
commercially viable solar energy technologies.
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