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Recent advances in the interfacial engineering of
organic–inorganic hybrid perovskite solar cells: a
materials perspective
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Research on perovskites, a highly promising type of semiconductor material in the field of photovoltaics,

has made amazing progress. The development of perovskite solar cells (PSCs) has so far reached a

certified power conversion efficiency (PCE) of 25.7%. Since the interfaces in PSCs are closely connected

to the carrier dynamics (charge separation, transport, injection, collection and recombination), interfacial

engineering has become a powerful tool in enhancing the device performance and long-term stability.

This review focuses on critically discussing the emerging materials and strategies for interfacial

engineering at the charge transport layer (CTL)/perovskite and CTL/electrode interfaces in PSCs with

both normal and inverted structures. In particular, the underlying mechanisms of various materials for

interfacial engineering in maximizing the PCE and the long-term stability of PSCs are systematically

demonstrated. Finally, a brief summary of the latest advances and breakthroughs, and a perspective on

the future research directions are presented, which are expected to promote the development of this

important research field.

1. Introduction

As the global population grows as well as the increasing
demand for energy, fossil fuels will gradually face depletion,
leading to a non-negligible issue of an energy crisis.1 On the
other hand, the requirement to reduce carbon dioxide emis-
sions has been raised due to the increasing greenhouse effect
that has been changing the global climate.2,3 On Earth, solar
energy is extensively distributed and inexhaustible as a
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renewable and clean energy source.4,5 The rational use of solar
energy to change the current energy mix has been proved to be
one of the most effective methods.6

With the rapid development of photovoltaic technology,
solar energy can be directly converted into electricity to meet
the world’s energy needs with little environmental effects.7

Currently, solar cells are divided mainly into silicon-based solar
cells,8,9 thin-film solar cells,10 and new solar cells from a
developmental stage.11,12 Compared with traditional solar cells,
new solar cells have the advantages of using a simpler preparation
process, having cheaper material costs, being more environmen-
tally friendly, and having considerable efficiency, which signifies
their huge development potential.

Organic–inorganic hybrid perovskite solar cells (PSCs) are
one of the most important new solar cells that have attracted
great attention since their first discovery in 2009.13 The standard
formula of the organic–inorganic hybrid perovskite material is
ABX3, where A is an organic cation, such as CH3NH3

+ (MA+),
CH(NH2)2

+ (FA+), etc., B is a metal cation, such as Pb2+, Sn2+, etc.,
and X is a halogen anion, like Cl�, Br�, I�, etc.14 This material is
an excellent light-absorbing material that has a special crystal
structure and excellent photoelectric properties, including a long
carrier lifetime, a large light-absorption coefficient, a high
defect-state tolerance, and a high dielectric constant.15 In addi-
tion, its simple preparation method, low cost, and compatibility
with flexible substrates meet the future development needs for
flexible or foldable solar cells; hence, its application to new solar
cells shows enormous development potential.16–19 It should be
mentioned that the perovskite material was first applied in 2009
as a sensitizer for dye-sensitized solar cells, and obtained a
power conversion efficiency (PCE) of only 3.8%, opening up a
new era for solar cells.13 In 2012, a new technique using solid
organic–inorganic hybrid perovskites was developed after aban-
doning the liquid-phase conditions,20 resulting in a further
breakthrough in the photovoltaic performance. Since then, the

speed of research related to PSCs has increased. As of 2021, the
PCE of PSCs has reached 25.7%.21

Despite the outstanding photovoltaic performance of PSCs,
their stability and lifetime issues are major challenges for their
practical application, and even for their gradual replacement of
silicon cells in the future.22–24 With the rapid development of
PSC technology and the maturation of device-preparation
processes, the ability to improve their performance indices
by improving the device structure has gradually decreased.
Therefore, this necessitates a more in-depth investigation of
the interfaces between the device layers and the perovskite
material itself during the device design and preparation, as well
as optimization to obtain better interfacial properties for achiev-
ing devices with a higher photovoltaic performance.25–27 As
shown in Fig. 1a, since the photogenerated electron and hole
carriers from the perovskite layer will transfer to the electrodes
through the charge transport layers (CTLs), the perovskite/CTL
and CTL/electrode interfaces are closely connected to the carrier
dynamics (i.e., charge separation, transport, injection, collection
and recombination) and significantly affect the device perfor-
mance. Their interfacial defects, interfacial reactions, and non-
radiative recombination due to energy-level mismatch have
a substantial impact on the performance of the device.28,29

Interfacial engineering is a means of improving the device
performance by adding or changing both the materials and
structure of the interface, which can optimize the energy-level
alignment, improve the film quality, passivate defects, and
enhance the device stability (Fig. 1b). Therefore, interfacial
engineering has become an important strategy for enhancing
the performance of PSCs.

In recent years, there have been some excellent reviews on
interfacial engineering, but most of them have focused only on
normal-structured PSCs.30–32 Owing to the dynamic develop-
ment of this important research field, a comprehensive review
that focuses on the interfacial engineering of PSCs with both
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normal and inverted structures remains necessary to provide
readers with a better understanding of the state-of-the-art
progress in this hot and dynamic research field. Here, recent
advances in the modification of different interfaces to improve
the performance and stability of PSCs are comprehensively
reviewed from the perspective of the materials, which are
classified as inorganic salts, organic molecules and polymers,
quantum dots (QDs), fullerenes and their derivatives, self-
assembled small molecules (SAMs) and two-dimensional (2D)
materials. It is worth mentioning that 2D materials include the
general 2D materials as well as 2D perovskites. As a typical 2D
material, graphene was successfully prepared via a mechanical
exfoliation method, initiating the research into 2D materials.33,34

Graphene has attracted much attention due to its excellent
physical properties, which include a high carrier mobility, high

strength, high flexibility and high optical transparency. Fig. 2a
represents the graphene crystal structure. Along with graphene,
many other 2D materials have been developed. In the research
field of PSCs, 2D materials that include graphene and its
derivatives as well as transition metal carbides/nitrides (MXenes)
are generally applied as interfacial modification materials
(Fig. 2b). In addition to being used as light-absorbing layers,
2D perovskites are often used as interfacial modification layers,
with the effect of improving the interlayer energy levels, reducing
charge recombination, and effectively inhibiting ion migration
(Fig. 2c). In this review article, we primarily discuss the up-dated
progress that has been reported over the past few years for
interfacial engineering at the electron transport layer (ETL)/
perovskite, perovskite/hole transport layer (HTL), and CTL/electrode
interfaces for PSCs with both normal and inverted structures.

Fig. 2 Crystal structure diagrams for (a) graphene, (b) MXene and (c) 2D perovskite.

Fig. 1 (a) Charge transport diagram of a typical n–i–p PSC. (b) Functions of interfacial engineering in PSCs.

Journal of Materials Chemistry C Review

Pu
bl

is
he

d 
on

 2
0 

Ju
ly

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
6/

07
/2

02
4 

7:
38

:0
5 

PM
. 

View Article Online

https://doi.org/10.1039/d2tc01692c


13614 |  J. Mater. Chem. C, 2022, 10, 13611–13645 This journal is © The Royal Society of Chemistry 2022

This is because these interfaces are the focus of investigations
on interface modification and are directly related to the extrac-
tion of photogenerated carriers from the perovskite layer.
In particular, the strategies of dual interfacial modification,
i.e., the simultaneous modification at different interfacial
layers, are also critically discussed. Finally, a brief summary
of the current research status is presented, along with the
prospects of interfacial engineering for the development of
efficient, large-area PSCs for possible commercialization.

2. Roles of interfacial engineering

Depending on whether or not the cell structure contains a
titanium dioxide (TiO2) mesoporous layer, PSCs can be classified
into mesoporous structures and planar heterogeneous
structures.35,36 Thus far, most high-efficiency PSCs are processed
with mesoporous TiO2 materials at high temperatures
(4450 1C), which is not favorable for the development of low-
cost and flexible PSCs. By contrast, planar structures not only
simplify the device processing but also enable low-temperature
processing, while providing the possibility of preparing stacked
devices, which can now achieve device efficiencies close to those
of mesoporous structures processed at high temperatures. Fig. 3
shows the schematic diagrams of PSCs with different structures,
where planar heterostructure solar cells are subdivided into
normal (n–i–p) and inverted (p–i–n) configurations according
to the direction of photogenerated carrier transport. More spe-
cifically, the mesoporous structure shown in Fig. 3a consists of a
transparent conducting oxide cathode (FTO/ITO), a dense ETL
(TiO2), a perovskite material attached to a mesoporous metal
oxide layer (TiO2 or Al2O3), followed by an HTL as well as a metal
electrode. This structure is characterized by its ability to enhance
charge accumulation by reducing the carrier diffusion length
and also effectively reducing carrier recombination. However,
the grain confinement of the perovskite in the mesopores
enables a large amount of perovskite to be present in the
amorphous phase, resulting in lower short-circuit current ( Jsc)
and open-circuit voltage (Voc) values. In addition, a perovskite
with long-lived carriers and long diffusion distances means that
it can work even without a mesoporous TiO2 layer, and thus
planar structured PSCs emerge.37,38 Fig. 3b shows the planar
n–i–p structure, where the mesoporous layer is omitted and the
perovskite layer is sandwiched between the HTL and the ETL.

Compared with mesoporous n–i–p PSCs fabricated using similar
materials and methods, the planar n–i–p structure still shows
severe J–V hysteresis, despite the fact that it yields a higher Jsc

and Voc.39 The inverted p–i–n structure is the opposite of the n–i–
p structure in the order of light, i.e., ITO/FTO, HTL, perovskite,
ETL, metal electrode (Al or Au), as shown in Fig. 3c. With
the further development of the p–i–n structure, its ETL and
HTL have been extended from specific organic substances to
inorganic substances.40,41

The interface of PSCs has a profound effect on their photo-
voltaic performance and lifetime. Firstly, the photovoltaic
performance-related parameters such as Voc, Jsc, fill factor
(FF) and PCE are influenced by the charge extraction and
transport between the CTL and the active layer of the
perovskite.

The photocurrent density of PSCs is defined from the
monochromatic incident photon-to-electron conversion effi-
ciency (IPCE), as illustrated by the following equation:42

IPCE(l) = a(l)jinjjc (1)

where a is the absorption rate, jinj is the charge injection
efficiency, and jc refers to the charge collection efficiency.
Therefore, how to optimize the charge injection and collection
efficiencies at the interface with a constant absorption rate
determines the final photocurrent density of the device.

Alternatively, the charge injection efficiency is expressed
using the following equation:29

jinj = kinj/(kinj + kr + knr) (2)

where kinj is the injection rate constant, kr is the radiative
recombination rate, and knr is the non-radiative recombination
rate. To obtain a higher charge injection efficiency jinj, it is
necessary to increase kinj and decrease kr and knr as much as
possible. The contact between the active layer and the material,
and its associated energy level, affect kinj. The choice of
material and the quality of the interface affect kr and knr. In
perovskite materials, the effect of kr on jinj is much lower than
that of knr, so improving the interface quality to limit non-
radiative recombination at the interface is critical for increasing
the photocurrent density of PSCs.43,44

Moreover, the non-radiative recombination also has an
important effect on the steady-state carrier density, which
determines the quasi-Fermi energy level splitting in the device

Fig. 3 PSCs with the (a) n–i–p mesoporous structure, (b) n–i–p planar structure, and (c) p–i–n planar structure.
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concerning the Voc,45 as is shown by the following equation:30

Voc ¼
kT

q
ln

Jph

J0
þ 1

� �
(3)

where q refers to the charge, k refers to the Boltzmann constant,
T refers to the temperature, J0 refers to the saturation current
density, and Jph refers to the photocurrent density. From the
equation, it is clear that the energy level arrangement and the
interface defect density will be influenced by the interface
material, both of which are essential factors in improving the
performance of PSCs.46,47 Moreover, the current–voltage hyster-
esis and stability are also influenced by the charge transfer at
the interfaces.

Furthermore, organic materials (0.1 eV and 10 nm, respectively)
have a lower exciton binding energy (30–76 meV) and a longer
exciton diffusion length (100–1000 nm), making them easier for
excitons and free carriers to diffuse to the interface. Non-
radiative energy transfer or exciton dissociation between the
layers in PSCs can lead to quenching, which affects the device
performance.48

In the interfacial engineering of PSCs, the electrode is also
an indispensable component, which not only conducts the
charge generated by the photovoltaic device to the external
circuit to complete the whole photoelectric conversion process,
but also affects the quality of the interface layer, the transpar-
ency of the photovoltaic device, and the cost of the photovoltaic
device preparation. In the preparation of photovoltaic devices,
electrodes are an essential and important part. The electrons
and holes generated in the device need to reach the top and
bottom electrodes through the ETL and HTL, respectively, and
finally be collected through the closed external circuit that
forms the photocurrents.

For the bottom electrode in the structure of the cells, its
morphology and properties have an important influence on the
wettability and film quality of the upper interfaces, so the
modification of its surface is very important for improving
the performance of PSCs. Currently, the most commonly used
metal oxide transparent conductive films for the bottom electrode
of PSCs are indium-doped tin oxide (ITO) and fluorine-doped tin
oxide (FTO), etc., whose photovoltaic properties are closely related
to the film thickness and film quality.49,50 Among them, ITO is
commonly used as the bottom electrode for planar structured
PSCs. Compared with ITO, FTO has a lower light transmission
rate due to its larger thickness, but it is more suitable as a
substrate for interfacial layers that require high-temperature
heating, such as TiO2, due to its corrosion resistance and high-
temperature tolerance, and is therefore widely used as the bottom
electrode for mesoporous structured PSCs. The top electrode plays
a crucial role in charge collection in PSCs, and common top
electrodes in PSCs are Ag, Al and Au. However, due to their high
cost and the degradation of PSCs caused by Ag electrodes
in contact with perovskite for a long time, carbon electrodes,
transparent conductive metal oxide electrodes, and polymer
electrodes are being developed and utilized in addition to metal
electrodes.31,51 In particular, carbon has many advantages such as
being an abundant resource, and having a low cost, good

conductivity, and good chemical stability. Moreover, its work
function (5.0 eV) is similar to that of Au (5.1 eV), which makes
carbon an ideal choice for the top electrode of PSCs. In addition,
since carbon electrode-based PSCs may not require an HTL, the
preparation of HTL-free carbon-based PSCs (C-PSCs) with a lower
energy consumption and simpler operation has become a hot
research topic in the field of PSCs.52 In addition, a tight ohmic
contact between the electrode and the interface should be
achieved to reduce the contact potential barrier at the device
interface and obtain a higher PCE.53

In particular, semitransparent PSCs (ST-PSCs), with their
unique transparent electrode design, can absorb light from
both sides and produce a greater energy output compared with
single-sided PSCs. Furthermore, ST-PSCs can be stacked with
other cells to make full use of the sunlight, and thus have
received a lot of attention. At present, the process of silicon-
based cells in high-efficiency four-terminal tandem devices has
matured, and the cell performance of tandem modules is
mainly determined by the upper layer of ST-PSCs.54,55 Modifi-
cation of the interface between the electrode and the CTL in
ST-PSCs, to make the energy bands more compatible and the
charge transfer smoother, will make the preparation of stacked
cells more favorable. According to the above analysis, inter-
facial engineering has been developed as an important tool to
accomplish these purposes.

3. Interfacial engineering in the normal
structure
3.1 Bottom electrode/perovskite interface

Unlike the top electrode, which needs to be deposited on a
fragile and complex perovskite layer or an organic CTL, the
bottom electrode can generally be sufficiently stable when
combined with a suitable charge transport intermediate layer.
In ETL-free PSCs, the majority of work focused on the interfacial
modification is devoted to correcting the mismatch in energy
levels at the electrode/perovskite interface. A polar non-
conjugated small molecule, 4,4-(((methyl(4-sulphonatobutyl)-
ammonio)bis(propane-3,1-diyl))bis(dimethyl ammoniumdiyl))-
bis-(butane-1-sulfonate) (MSAPBS) was designed as a modifier
to reduce the work function of ITO and improve the energy
level alignment at the interface through an intrinsic dipole.
The electron extraction efficiency was thus greatly improved,
followed by significant enhancement of the Voc, Jsc and FF of the
device. Ultimately, the champion device achieved a PCE of
20.55% (Fig. 4a and b). Simultaneously, its stability was
improved.56 In a similar work, rubidium fluoride (RbF) was
inserted on the FTO surface as a modification layer. The RbF
layer created a dipole layer, which adjusted the work function of
the FTO, eliminated the electron transfer potential barrier, and
optimized the energy level arrangement of the FTO/perovskite
interface. Consequently, charges were transferred more
efficiently and charge-carrier recombination was suppressed.
As a result, the efficiency of ETL-free PSCs with the RbF layer
reached as high as 18.79% (Fig. 4c and d).57
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3.2 ETL/perovskite interface

As one of the key interfaces in PSCs, energy-level matching
between the ETL and the perovskite layer is crucial for improving
the carrier extraction and collection efficiency, as well as the Voc

of the device. Too large a difference between the ETL and
perovskite layer energy bands will lead to inefficient electron
injection into the ETL and Voc reduction. However, a small
energy band difference between the ETL and the perovskite layer
will also cause ineffective separation of the photogenerated
electrons and holes, resulting in significant recombination of
the electron–hole pairs.58 Commonly used ETL materials (e.g.,
TiO2, ZnO, SnO2, etc.) and the conduction band minimum (CBM)
of general perovskite materials have energy-level-matching
issues, which are not conducive to efficient electron extraction
and transport, and thus impact the performance of the cells.59

By altering the interface between the ETL and the perovskite
layer, the energy-level structure can be matched to promote the
separation and collection of photogenerated charge carriers,
preventing the electrons from recombining with the holes.

High-performance PSCs usually require a flat, uniform,
dense, and well-crystallized film of the light-absorbing layer
as well as the transmission layer. For example, TiO2 is a
commonly used ETL material, but there are many oxygen
vacancies and defect states on its surface, and the photogenerated
electrons will not be able to form photocurrents due to severe
recombination with holes, leading to significant performance
degradation.60 It is widely known that when perovskite thin films

are prepared using a fast crystallization technique, defects on
the material surface or at the grain boundaries frequently arise,
which will enhance non-radiative recombination thus reducing
the charge carrier lifetime, causing energy loss and affecting the
efficiency of the cells. Furthermore, defects not only promote
water–oxygen penetration and accelerate perovskite decomposition
but also provide a major pathway for ion migration. Therefore, it is
imperative to reduce defects to form a high-quality thin film.28,31,61

Therefore, interfacial engineering is important to reduce the photo-
degradation of perovskite layers caused by external factors (e.g.,
water, oxygen, and light) and internal factors (e.g., ion migration,
electron migration, and interfacial reactions) to obtain efficient and
stable PSCs. In the following subsections, we will elaborate on the
classification according to the type of material chosen, which are
mainly two-dimensional materials, fullerenes and derivatives,
quantum dots, self-assembled molecules, inorganic salts and
organic materials.

3.2.1 Two-dimensional (2D) materials. 2D materials (which
mainly include graphene and its derivatives, MXenes, graph-
diyne, etc.) are often used to enhance the shape and crystallinity
of perovskite materials and enhance charge extraction from the
perovskite to the ETL because of their superior optical, elec-
trical, thermodynamic, physical, and catalytic properties.62–64 It
is worth mentioning that a new member of the 2D material
family, i.e., MXenes, which have a layered structure formed via
selective hydrofluoric acid (HF) or in situ-induced HF corrosion
of A (Al, Sn, etc.) layers of the MAX phase (laminated carbides

Fig. 4 (a) Cross-sectional SEM image and (b) J–V curves of PSCs for the bottom electrode/perovskite interface of normal structural PSCs based on
MSAPBS. Reproduced with permission from ref. 56. Copyright 2020 Wiley. (c) Device structure diagram and (d) J–V curves of PSCs for the bottom
electrode/perovskite interface of normal structural PSCs based on RbF. Reproduced with permission from ref. 57. Copyright 2020 Elsevier.
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and nitrides with a hexagonal closed-packing structure), which
possess a higher electrical conductivity than the reduced gra-
phene oxide as well as a lower absorbance in the visible-light
range.65 A typical MXene is Ti3C2Tx, which has many excellent
properties, including a high electronic conductivity, a high
mobility and a high charge carrier density. Ti3C2Tx with various
end groups (Tx) has been used to modify the work function
(WF) between the perovskite active layer and the TiO2 ETL.66

Ultraviolet photoemission spectroscopy (UPS) observations and
density functional theory (DFT) calculations have confirmed
that Ti3C2Tx optimized the energy band alignment between the
TiO2 ETL and the perovskite layer by inducing the formation of
interface dipoles (Fig. 5a–d). Reduction of the WF and the
optimization of the energy bands between the TiO2 ETL and
the perovskite layer led to a substantial improvement in the

performance, with a 26% increase in performance compared
with control cells without the MXene.

As a new all-carbon nanostructured material after fullerenes,
carbon nanotubes, and graphene, graphdiyne (GDY) is gradually
being applied in the field of optoelectronic semiconductors
because of its favorable charge transport capabilities and excel-
lent semiconductor properties.67 Zhang et al. utilized GDY to
effectively increase the power-level matching between the SnO2

ETL and the perovskite layer, resulting in a 4-fold increase in
electron mobility.68 High-quality perovskite films with low defect
density were also formed through interfacial modification using
GDY. Systematic DFT studies further explained that the under-
lying mechanism is the facilitation of charge extraction and
transport through the coupling of GDY and SnO2. By modifying
the SnO2/perovskite interfaces with GDY, the final device

Fig. 5 Two-dimensional materials for the ETL/perovskite interface of normal structural PSCs. (a)–(d) Statistics of the photovoltaic parameters based on
pristine and different post-processing of MXene. Reproduced with permission from ref. 66. Copyright 2019 Springer Nature. (e) J–V curves of PSCs based
on SnO2 and SnO2/GDY. Reproduced with permission from ref. 68. Copyright 2020 Wiley. (f) J–V curves of PSCs based on SnO2 and SnO2/GDYO.
Reproduced with permission from ref. 69. Copyright 2021 The Royal Society of Chemistry.
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obtained a 21.11% efficiency with negligible hysteresis (Fig. 5e).
Similarly, graphdiyne oxide (GDYO) was also applied to modify
the SnO2 ETL.69 GDYO can passivate the surface defects of SnO2

to enhance electron transport while inhibiting non-radiative
recombination due to the content of hydrophilic carboxyl and
hydroxyl functional groups that can establish chemical inter-
actions with uncoordinated Sn. The WF of GDYO-modified SnO2

matched well with perovskite, leading to a higher PCE of 21.23%
in the final device (Fig. 5f). After 24 days of holding at 80 1C, the
unencapsulated device efficiency declined to 84%, and after
160 hours of continuous light illumination, it reduced to 71%.

3.2.2 Fullerene (C60) and derivatives. Fullerene (C60) and
its derivatives have great potential as interfacial modification
layers because of their high electron mobility, tunable energy
levels, and low-temperature film formation. The interface
problem between the metal oxide and perovskite layers is one

of the major issues for the performance limitation of PSCs, so
the rational design of C60 molecules with excellent electrical
properties and adaptable chemical parts for interfacial mod-
ification is greatly required. The theoretical mechanism of C60

as an interfacial modification layer has been explored.70 The
lowest unoccupied molecular orbital (LUMO) energy level of C60

is less than the conduction band (CB) of TiO2, which enables a
better energy-level matching of the device. In addition, C60 also
passivates the surface trap states, and has a positive impact on
the carrier lifespan, charge injection, and separation (Fig. 6a
and b). Specifically, C60 was discovered to be capable of
extracting the hot carriers formed during the initial timescale
of photoexcitation, making it appropriate for hot-carrier PSCs.

Novel fulleropyrrolidine (NMBF-X, where X = H or Cl)
monomers and dimers were inserted between the metal oxide
ETL and the perovskite layer to form an interfacial modification

Fig. 6 Fullerene (C60) and derivatives for ETL/perovskite interfaces of normal structured PSCs. (a) and (b) Photovoltaic parameters of C60-based PSCs.
Reproduced with permission from ref. 70. Copyright 2020 American Chemical Society. (c) and (d) J–V curves of PSCs based on TiO2 and SnO2/NMBF-X
monomers and dimers. Reproduced with permission from ref. 71. Copyright 2020 Wiley. (e) and (f) J–V curves of PSCs based on SnO2 and SnO2/DPC60

and measured curves of environmental stability. Reproduced with permission from ref. 72. Copyright 2019 Wiley.
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layer.71 The ETLs were TiO2 and SnO2, and the perovskite
materials were chosen as MAPbI3 and (FAPbI3)x(MAPbBr3)1�x.
After modifying the ETL/perovskite interfaces with fulleropyr-
rolidine, the device performance increased significantly (Fig. 6c
and d). The chlorinated fullerene dimer was found to coordi-
nate more effectively with metal oxides and perovskites through
chloride terminations, resulting in excellent stability and
an efficiency enhancement. This unencapsulated planar device
achieved an efficiency of 22.3% without hysteresis. More
importantly, the initial efficiency of over 98% was maintained
after 1000 hours of environmental storage.

Similarly, a fullerene derivative with amine functional
groups, i.e., 2,5-diphenyl C60 fulleropyrrolidine (DPC60), was
introduced as an interfacial layer between perovskite and
SnO2.72 Owing to its unique structure and functional groups,
DPC60 can interact with the perovskite, passivating the
interfacial defects of the perovskite layer. Meanwhile, better
energy-level matching led to a substantial increase in electron
extraction. Therefore, a PSC with the addition of DPC60

achieved a PCE of 20.4%, which is higher than the control
device (18.8%) (Fig. 6e and f). In addition, the hydrophobic
DPC60 layer significantly increased the stability, maintaining an
initial efficiency of 82% after continuous exposure under one
sun illumination and thermal aging (55 � 5 1C) for 200 h.

3.2.3 Quantum dots (QDs). With the advantages of band-
gap tunability, quantum coherence and edge effects, QDs can
be utilized as interfacial modification materials. For example,
inorganic colloidal QDs are a class of uniformly distributed
inorganic nanoparticles with functional groups or ionic passivation
on the surfaces. The ultra-small particle size (a few nanometers)
enables QDs to be well dispersed on the surfaces of the CTL to
repair pores, while the functional groups on the surfaces of the
QDs have the potential to passivate defects at the CTL/perovskite
interfaces. One typical example is SnO2-QDs synthesized using
precursor solutions containing SnCl2 and thiourea.73 SnO2-QDs
capped with chloride ions were added to the spin-coated TiO2

ETL/perovskite interface to fill the vacancies on the ETL and
passivate the defects with chloride ions at the TiO2/perovskite
interface. In addition, both photoluminescence spectroscopy
and electrochemical impedance spectroscopy demonstrated
that the SnO2-QDs can effectively improve charge extraction
and suppress interfacial charge recombination. Consequently,
the PSCs derived using SnO2-QDs achieved a champion perfor-
mance of 17.3% and outstanding long-term stability under
continuous light exposure (Fig. 7a and b). Apart from SnO2-
QDs, Hui et al. described a composite ETL that consisted of
carboxylic-acid- and hydroxyl-rich red-carbon quantum dots
(RCQs) doped with low-temperature solid solution-treated SnO2

that showed an approximately 20-fold increase in electron mobi-
lity, ranging between 9.32 � 10�4 and 1.73 � 10�2 cm2 V�1 s�1.74

The PSCs based on this new ETL exhibited a PCE of up to 22.77%
and excellent stability, maintaining an initial efficiency of 95% at
25 1C and 40–60% air humidity (Fig. 7c and d).

A recent study showed that MXene quantum dot-modified
SnO2 can modulate the crystallization process of the perovskite
for preparing effective and reliable PSCs, and the crystallization

kinetics were explored for the first time using a synchrotron-
based 2D grazing incidence X-ray diffraction technique.75 It
was found that titanium carbide (Ti3C2)-MXene quantum dot-
modified SnO2 (MQDs-SnO2) could rapidly induce perovskite
nucleation in the precursor solutions and form intermediate
perovskite phases after antisolvent treatment, thus improving
the crystalline quality and phase stability of the perovskite
films. The optimal performance of the corresponding PSCs
reached 23.3% with excellent moisture resistance and photo-
stability (Fig. 7e and f).

Shortly thereafter, Gao et al. proved the role of imidazole
bromide functionalized graphene quantum dots (I-GQDs) in
regulating the ETL and the perovskite layer (FAPbI3).76 Better
energy-band docking can be achieved via modification of the
I-GQDs for reducing charge accumulation and promoting
electron transport. Furthermore, the surface functional groups
of the I-GQDs facilitated the formation of high-quality perovskite
films to decrease the non-radiative recombination within the
films. Furthermore, the material can enhance the stability of
PSCs without modifying the band gap of the FA-based perovskite
layer due to strong interactions between the imidazole moiety
at the surface of I-GQDs and the perovskite. As a result, an
improved PCE of 22.37% was achieved, and better long-term
stability was obtained (Fig. 7g and h).

3.2.4 Self-assembled molecules (SAMs). Self-assembled
single molecules (SAMs) have emerged as excellent nanomaterials
for improving the performance of PSCs due to the ability to
control their chemical and physical interfacial properties. In fact,
numerous reports in recent years have confirmed that using SAMs
for PSCs can significantly improve the device performance.77–79

Han et al. designed methoxybenzoic acid self-assembled mono-
layers (SAMs) to passivate the ZnO ETL surface, thereby improving
the photovoltaic performance and stability of the device.80 The
device structure is ITO/ZnO/(SAMs)/CH3NH3PbI3/spiro-OMeTAD/
Au, where the SAMs are 4-methoxybenzoic acid (MBA), 3,4-
dimethoxybenzoic acid (DMBA), and 3,4,5-trimethoxybenzoic acid
(TMBA), respectively (Fig. 8a). It was found that TMBA has a
stronger dipole moment and bonding between methoxy hydrogen
and ammonium compared with MBA and DMBA, which effec-
tively enhanced the electron transport between the perovskite
layer and the ETL. In addition, the methoxy in TMBA increased
the surface hydrophobicity of the ZnO ETL, and the optimal
device efficiency was raised by 13.75% when it was designed
using ZnO/TMBA. More importantly, the incorporated interfacial
modification layer significantly improved the stability of the PSCs
under environmental circumstances by blocking the proton
transfer process between the ETL and the perovskite layer
(Fig. 8b and c). Likewise, a SAM of 3-mercaptopropyltri-
methoxysilane (MPTMS) was reported as a new interfacial layer
to increase the quality of the light-absorbing layer and promote
the extraction of photogenerated electrons (Fig. 8d).81 The
average PCE of such PSCs utilizing MPTMS was significantly
increased from 16.62% to 18.75% in the device prepared via a
two-step process. The modified PSC obtained a maximum
efficiency of more than 20% with favorable stability in ambient
air (Fig. 8e and f).
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An iodine-terminated self-assembled molecule (I-SAM, i.e.,
[Si(OCH3)3(CH2)3I]) was adopted as the interfacial modifier,
while [Si(OCH3)3(CH2)3H] was applied as the control molecule
to investigate the role of iodine as an end-group atom
(Fig. 8g).82 The silane structure in this molecule can be modified
well at the interface as a SAM layer structure, while eliminating
the –OH groups at the interface by reacting with them. This
resulted in a 50% increase in the mechanical bond strength of
the ETL/perovskite compared with [Si(OCH3)3(CH2)3H]. The effi-
ciency of the device modified using the I-SAM increased from
20.2% to 21.4%. In addition, the results for the long-term
operating stability of the PSCs at the maximum efficiency point
proved that its T80 (lifetime to maintain 80% of the initial
efficiency) was projected to increase from 700 h to 4000 h
(Fig. 8h and i).

3.2.5 Inorganic salts. Alkali halides have been effectively
employed in the manufacture of interfacial layers.83 For
instance, Azmi et al. passivated organic–inorganic hybrid per-
ovskite (OIHP) crystals and defects at the ETL/OIHP interface
by incorporating Cl� (LiCl, NaCl, KCl, and CsCl).84 Low-
temperature treated PSCs (L-PSCs) with excellent long-term

stability and high efficiency were designed. The experimental
results pointed out that the best performance of L-PSC-KCl
exhibited an efficiency of 22.6%. More importantly, a large-area
device with outstanding properties (21.3%, 1.12 cm2) was
obtained using the excellent homogeneous modification
technique.

Vacancy defects can lead to the occurrence of ion migration.
By inducing a local chemical doping effect, the Fermi energy
level in the ion aggregation zone moves away from the conduc-
tion/valence band as a result of ion migration, causing a
bending of the energy level, which affects the separation,
transport and extraction of carriers, ultimately degrading the
performance of the device. I� has been proved to have the
shortest migration path in the MAPbI3 perovskite, while Pb2+ is
difficult to migrate.85,86 NdCl3 as an interfacial modification
layer was systematically studied.87 It demonstrated that the
NdCl3 interfacial layer (NdCl3-IL) fills the I� vacancies resulting
in a reduction of the vacancy and an increase in the activation
energy, which inhibits the migration of I� from the top surface
to the rear interface, thus reducing the trap density (Fig. 9a).
The device modified using this interfacial layer obtained a PCE

Fig. 7 QDs for the ETL/perovskite interfaces of normal structural PSCs. J–V curves (a) and stability curves (b) of PSCs based on pristine and SnO2-QDs.
Reproduced with permission from ref. 73. Copyright 2019 Elsevier. J–V curves (c) and stability curves (d) of PSCs based on SnO2 and SnO2-RCQs.
Reproduced with permission from ref. 74. Copyright 2020 Wiley. J–V curves (e) and stability curves (f) of PSCs based on SnO2 and SnO2/MQDs.
Reproduced with permission from ref. 75. Copyright 2021 The Royal Society of Chemistry. J–V curves (g) and stability curves (h) of PSCs based on SnO2

and SnO2/I-GQDs. Reproduced with permission from ref. 76. Copyright 2021 Wiley.
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of 22.16% and a higher Voc with a negligible hysteresis effect.
The stability of the device was also improved, maintaining 83%
of the initial performance after 100 hours of the maximum
power point tracking test. Notably, the method in combination
with the 2D/3D passivation strategy was applied to a large-area
(1cm2) device, obtaining a certified efficiency of 21.68%.

Monovalent Cu cations (Cu+) were also utilized to solve the
problems of low electron mobility, poor electrical conductivity,
and the possibility of acting as a photocatalyst for chemical
reactions in TiO2.88 The uniform distribution of Cu+ not only
increased the extraction rate of photogenerated carriers but
also reduced the surface trap states, thus improving the device

performance. The final obtained planar PSCs achieved a PCE of
18.15%, which was better than 15.78% for the blank device
(Fig. 9b). To verify the generalizability, the method was applied
to mesoporous structures, and the experimental results proved
the same modification capability. Notably, aging tests as well as
stability experiments demonstrated that the Cu-modified
device exhibited superior long-term stability.

Another effective strategy was to utilize CsI-doped SnO2,
thus effectively improving the SnO2/perovskite interfacial quality
of the PSCs.89 The presence of CsI during the formation of
perovskite films passivated the interfacial imperfections. In
addition, the gradient distribution of Cs+ contributed to a more

Fig. 8 SAMs for ETL/perovskite interfaces of normal structural PSCs. Schematic diagram of the structure of (a) MBA (left), DMBA (middle), and TMBA
(right), (d) MPTMS, and (g) I-SAM. J–V curves ((b), (e) and (h)) and stability curves ((c), (f) and (i)) of PSCs based on ZnO, ZnO/MBA, ZnO/DMBA and ZnO/
TMBA (b) and (c), pristine ETL SnO2 and SnO2/MPTMS (e) and (f), and pristine ETL SnO2 and with ETL H-SAM or I-SAM (h) and (i). (a)–(c) Reproduced with
permission from ref. 80. Copyright 2020 The Royal Society of Chemistry. (d)–(f) Reproduced with permission from ref. 81. Copyright 2021 Wiley. (g)–(i)
Reproduced with permission from ref. 82. Copyright 2021 The American Association for the Advancement of Science.
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acceptable energy-band alignment of SnO2 with the perovskite.
The resistance of FAPbI3-based PSCs to UV irradiation was
enhanced after doping with Cs+, achieving an excellent efficiency
of up to 23.3% (Fig. 9c).

The importance of KPF6 for modification of the SnO2/
perovskite interface was also demonstrated.90 It was found that
PF6

� remained at the interface while most of the K+ ions
diffused into the perovskite. In addition, PF6

� formed hydrogen
bonds with organic cations in the perovskite component, and
coordination bonds with SnO2, which can effectively passivate
interfacial defects and release interfacial stresses. The PCE of
the device obtained using KPF6 was increased from 19.66% to
21.39%, and the unencapsulated device maintained its initial
efficiency of 80.1% after 960 hours of aging at 60 1C (Fig. 9d).
Similarly, multifunctional potassium sulfate (K2SO4) was also
used as an interface modification material for SnO2/perovs-
kite.91 K2SO4 achieved the goals of both defect passivation and
optimized energy-band alignment owing to the synergistic
interfacial and internal modification of the perovskite. With the
modification of K2SO4, the photovoltaic performance was
increased from 19.45% to 21.18%. Moreover, the initial efficiency
values of the modified PSCs can be maintained above 85% after
storage at 25% relative humidity for 1000 hours.

More recently, interfacial engineering has been continuously
devoted to the study of wearable and portable flexible PSCs.

Fahim et al. explored the modification process after the ZnO
surface was converted to ZnS.92 The bifunctional interfacial layer
reduces the hydroxyl (–OH) groups on the ZnO surface, and
passivates the ZnO/perovskite interface, thereby improving the
stability. It also modulated the energy level for effective electron
transport through the strain-induced piezoelectric effect (Zn–S–
Pb pathway). The piezoelectric effect regulates the energy band
structure through the internal piezoelectric potential generated
by the piezoelectric semiconductor under pressure, controlling
the separation, transport and recombination of excitons.93,94 As
a result, the efficiency of the flexible PSC was dramatically
improved (Fig. 9e and f).

3.2.6 Organic materials. Organic materials such as organic
small molecules, organic ammonium salts, and polymers are
widely recognized as an important source of interfacial modifica-
tion materials. Different concentrations of 2-methylbenzimidazole
(MBIm) were introduced between the SnO2 ETL and the perovs-
kite photoactive layer to address the problem of non-radiative
recombination loss due to interfacial defects.95 The researchers
emphasized the importance of this passivation mechanism, and
the MBIm molecule not only optimized the energy-level-matching
problem and reduced the photovoltage loss but also passivated
the interfacial defects by forming Lewis adducts that bind to
uncoordinated Pb2+, minimizing non-radiative recombination.
Ultimately, the efficiency was significantly increased from 19.5%

Fig. 9 Inorganic salts for ETL/perovskite interfaces of normal structural PSCs. (a) Diagram of I� migration in control and NdCl3-IL-based PSCs.
Reproduced with permission from ref. 87. Copyright 2021 Wiley. (b) J–V curves of PSCs based on TiO2 and Cu–TiO2. Reproduced with permission from
ref. 88. Copyright 2021 Elsevier. (c) J–V curves of PSCs based on SnO2 and SnO2/CsI. Reproduced with permission from ref. 89. Copyright 2021 Wiley.
(d) J–V curves of PSCs based on SnO2 and SnO2-KPF6. Reproduced with permission from ref. 90. Copyright 2021 Elsevier. (e) and (f) J–V curves of PSCs
based on ZnO (e) and ZnO–ZnS (f) on flexible substrates. Reproduced with permission from ref. 92. Copyright 2021 Elsevier.
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to 21.6% with a significant rise in Voc (B90 mV). In particular, the
device preserved 85% and 90% of the initial efficiency under high-
humidity and continuous-light conditions, respectively.

In another study, Sun et al. employed the amphiphilic linker
molecule p-aminobenzenesulfonic acid (ABSA) at the interface
of the SnO2/perovskite.96 The authors explained the mechanism
of the interfacial modification in terms of energy-band bending.
Both experimental and theoretical studies comprehensively
demonstrated that the sulfonic acid group of ABSA can modify
the SnO2, thus reducing the energy-band potential barrier on the
surface of the ETL and enhancing the charge transport. The
alkaline amino groups were used to passivate deep-energy-level
defects on the perovskite surface and reduced non-radiative
recombination. The PCE of MAPbI3-based PSCs modified with
this material was significantly improved from 18.02% to 20.32%
with better long-term stability.

Although fullerenes and their derivatives dominate the
organic photovoltaic field due to their unique structure and
other advantages, the material itself has some insurmountable
drawbacks, however, such as a low absorption in the visible
range, difficulties with modification, and high cost, all of which
restrict the device performance and wide-scale use. In recent
years, the emergence of non-fullerene-type small-molecule
materials, especially the Y series of non-fullerenes (Y-NFAs;
mainly Y1–Y6), has attracted increasing attention from the
scientific community.97 For example, Lou et al. designed the

Y-series derivative BTAC4 to modify the SnO2 layer via side-chain
engineering.98 An efficiency of more than 23% was achieved. By
exploring the interaction between the p-conjugated n-type small
molecules and the SnO2/perovskite interfaces, the team revealed
the outstanding interfacial modification effect of organic passi-
vators with a more compact and ordered molecular filling ability.

In the same year, Kong et al. demonstrated that doping
EDTA-2M molecules (M = K, Rb, or Cs) with SnO2 colloids
improved the electrical and surface properties of the SnO2 films,
resulting in a substantial increase in electron mobility.99 In
addition, EDTA-2M molecules can successfully passivate the
surface imperfections of SnO2 and improve its crystalline quality
by promoting perovskite crystallization. The PCE of the device
with perovskite band gaps of 1.69 eV and 1.57 eV, respectively,
reached up to 23.30%. Unencapsulated PSCs on the basis of
EDTA-modified SnO2 were maintained at 95% of their initial
performance after exposure to an ambient atmosphere for
1200 h.

Shortly thereafter, (2-carboxyethyl)(dimethyl)sulfonium
chloride (CDSC) and 3-(dimethylamino)propionic acid hydro-
chloride (DPAH) (reference molecule) were employed to modify
the SnO2/perovskite interfaces.100 It was theoretically and experi-
mentally proved that the CDSC and DPAH molecules are capable
of strong chemical interactions with both SnO2 and the perovs-
kite layer, thus linking the two through chemical bonding and
improving interfacial contacts. Both salt molecules were able to

Fig. 10 Structure diagram of various organic molecules for the ETL/perovskite interface of normal structural PSCs. Reproduced with permission from
ref. 95–98 and 100. Copyrights 2020, 2021, 2022 Elsevier, 2021 American Chemical Society, and 2021 Wiley.
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effectively passivate defects from the surface of the perovskite
and the ETL, and the CDSC-modified device achieved a higher
PCE (22.22%) as well as better stability. The structures of the
small organic molecules used for normal structural PSCs are
shown in Fig. 10.

To address the severe charge-trap problem in perovskite
films, 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM]BF4)
and triphenylphosphine oxide (TPPO) were synergistically applied
to PSCs.101 [BMIM]BF4 formed an interfacial dipole layer that
reduced the surface WF of the ETL and filled the organic/Cs
cation vacancies. The PQO bond in the TPPO molecule interacts
with the uncoordinated Pb2+, which reduced the defect states in
the perovskite films and reduced the non-radiative recombina-
tion. As a result, the PCE of the PSC increased from 18.7% to
21.1% with long-term stability, even under dry air conditions
(about 22% relative humidity at 25 1C).

ZnO possesses excellent optoelectronic properties, it can be
prepared at low temperatures, and it has a higher electron
mobility than TiO2, thus attracting much attention.102,103 How-
ever, since ZnO is an amphoteric oxide with an extremely
unstable surface, it tends to react with MAI for the preparation
of perovskites, leading to an increment in interfacial defects in
the perovskite layer, which increases the carrier recombination
and induces degradation of the optoelectronic performance of
the device.104 Methylammonium iodide can be used to solve this
problem by modifying the ETL.105 It was shown that methylam-
monium iodide modification can effectively block the reaction
between ZnO and the perovskite layers. The obtained PSCs
exhibited excellent thermal stability, and retained 82% of the
initial efficiency after aging at 50 mW cm�2 of white light and
65 1C for 2100 hours, which is the highest known performance.

Adhesion of the weakly alkaline precursor of biguanide
hydrochloride (BGCl) on the surface of the tin oxide substrate
can significantly improve the denseness and uniformity of the
tin oxide layer.106 At the same time, the amino group in BGCl
can undergo Lewis coordination with Sn4+ to achieve n-type
doping of tin oxide, while the Cl� effectively passivates the
oxygen vacancy defects in the surface layer through electrostatic
coupling. In addition, the amino and ammonium functional
groups enriched with BGCl can effectively anchor I� in the
solution of the perovskite precursor, ensuring the growth of the
perovskite with an ordered array arrangement and a vertical
crystallographic orientation. Therefore, carrier extraction at the
interface was significantly enhanced, achieving better carrier
transport inside the device. The prepared devices achieved up
to 24.4% certified PCE and long-term stability.

It is worth noting that organic interfacial layers can also be
applied to flexible PSCs. You et al. designed a biological
polymer (heparin potassium, HP) as an SnO2–HP composite
layer to enhance the interfacial contact between the ETL and the
perovskite layer.107 On the one hand, owing to the interaction
between the Sn atoms of SnO2 and the O atoms of –COO–, HP is
able to adhere to the surface of the SnO2 nanocrystals. On the
other hand, the polymerization chain of HP could attenuate
the interaction between the adjacent SnO2 nanocrystals and
promote their uniform dispersion. Meanwhile, because of the

larger domains and higher surface free energy of the SnO2–HP
layer, the perovskite may undergo more uniform crystal nuclea-
tion, which leads to better growth of the perovskite crystals. The
SnO2–HP-based device exhibited a highly reproducible average
efficiency of 23.03% and excellent operating stability on the rigid
substrate. More importantly, the average efficiency of the HP-
modified SnO2 ETL on flexible substrates is 19.47%, showing
excellent potential for flexible and large-area device studies.

Xiong et al. reported poly(ethylene glycol) diacrylate
(PEGDA) as a polymer backbone for modifying SnO2.108 The
ETL treated with this material showed a significant impact on
both the device performance and stability. On the one hand,
more homogeneous and energy-level-aligned interfaces were
achieved, increasing the electrical conductivity. On the other
hand, PEGDA can passivate the defects at the ETL/perovskite
interfaces. The final device achieved a champion photovoltaic
performance of 23.31% with excellent stability. Typical
modification materials that can enhance both the device per-
formance and stability in this interface are screened and
summarized in Table 1.

3.3 Perovskite/HTL interface

Similar to the ETL, it is vital to establish effective hole injection
and stable transport in order to generate high-efficiency PSCs.
Too large a gap between the HTL and the energy band of the
perovskite layer can lead to inefficient hole injection into the
HTL and a decrease in Voc.109,110 In addition, there are a large
number of defect sites in the perovskite/HTL interface, and
these defect sites can capture carriers and cause carrier loss due
to recombination.111 Moreover, these defect sites will become
adsorption sites for water oxygen, which will accelerate the
decomposition and degradation of the perovskite film and
cause rapid degradation of the performance of the PSCs.112

Optimization at the perovskite/HTL interface is essential to
passivate the defects and obtain high-quality films.59,113 Since
the existing hole materials do not fully satisfy the objectives of
energy-level alignment, enhanced charge dynamics, trap passi-
vation, and reduced ion migration, interfacial modification has
been developed as an effective method for the perovskite/HTL
interface.

3.3.1 Two-dimensional materials. Two-dimensional (2D)
perovskite materials have a layered structure with alternating
organic amine layers and inorganic layers. Compared with
conventional three-dimensional (3D) perovskite materials, they
are more stable to the environment and have a flexible and
adjustable structure. Modifying 2D perovskite layers on the 3D
perovskite surface to passivate defects can improve the efficiency
of PSCs while ensuring their stability, and the underlying
mechanism has also been interpreted.114 The key to superior
optoelectronic characteristics and carrier dynamics of PSCs
at the 2D/3D interface lies in the crystal alignment of the 2D
perovskite. If the arrangement is ‘flat’ with regard to the
substrate, it can potently passivate interfacial defects while
hindering charge recombination. It is worth mentioning that
this arrangement can be adjusted via fine-tuning the chemical
composition of the 2D cations.

Review Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
0 

Ju
ly

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
6/

07
/2

02
4 

7:
38

:0
5 

PM
. 

View Article Online

https://doi.org/10.1039/d2tc01692c


This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. C, 2022, 10, 13611–13645 |  13625

It has recently been reported that the modification effect of
the 2D structure is affected by the length of its alkyl chain.115

Furthermore, the surface defects of the 2D perovskite films
themselves may also be related to the interaction of their
structures with the HTL. In this study, a 3D perovskite was
treated with 2D structures of butylammonium iodide (BAI),
octylammonium iodide (OAI) and dodecylammonium iodide
(DAI) with different alkyl chain lengths, and the PCE and
humidity stability of the devices were compared. The results
revealed a significant improvement in the electron-blocking

ability and humidity resistance as the alkyl chain length was
increased from BA to OA to DA. The OAI-treated PSC obtained a
champion PCE of 22.9% in comparison with the other two
materials.

Similarly, Liu et al. focused on an interfacial passivation
strategy of a 2D perovskite.116 Four structured aromatic organic
cations without halogen functional groups were designed to
form low-dimensional perovskite (LDP) passivation layers,
namely benzylammonium (BA), 4-fluorobenzylammonium (FBA),
4-chlorobenzylammonium (CBA) and 4-bromobenzylammonium

Table 1 Modification materials at the ETL/perovskite interface with the ability to simultaneously improve the efficiency and stability of normal structured
PSCs

Modification materials Perovskite Main roles PCE [%] Stability Ref.

Two-
dimensional
materials

GDYO (FAPbI3)1�x(MAPbBr3)x Facilitate electron transport, sup-
presses non-radiative
recombination

21.23 84% of initial efficiency after
24 d at 80 1C

69

Fullerene
(C60) and
derivatives

NMBF-X (FAPbI3)x(MAPbBr3)1�x Better coordination with ETL and
perovskite

22.3 Over 98% of initial efficiency
after 1000 h of storage

71

DPC60 FA0.81MA0.10Cs0.04PbI2.55Br0.40 Passivate interface defects,
improve electron extraction

20.4 82% of initial efficiency after
200 h of continuous sunlight
exposure and thermal aging
(55 � 5 1C)

72

Quantum
dots (QDs)

RCQs Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 Improve electromigration 22.77 95% of initial efficiency at
25 1C and 40–60% air humidity

74

MQDs FA0.9MA0.05Cs0.05PbI0.98Br0.02 Improve crystalline quality and
phase stability of perovskite films

23.3 Over 90% of initial efficiency
after 500 h of continuous light
exposure

75

I-GQDs FAPbI3 Improve energy-level matching
and quality of perovskite films

22.37% 84% of initial efficiency after
600 h

76

Self-
assembled
molecules
(SAMs)

I-SAM Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 Increase the mechanical bonding
strength of the interface

21.4 Projected T80 from 700 h to
4000 h

82

Inorganic
salts

NdCl3 FA1�xMAxPbI3 Inhibit the migration of I� 22.16 83% of initial efficiency after
100 h of maximum power
point tracking testing

87

Cu1+ MAPbI3 Improve extraction of carriers,
reduce surface trap states

18.15 53% of the initial efficiency
under aging test conditions,
91% of initial efficiency under
light stabilization experi-
mental conditions

88

KPF6 Rb0.05(FA0.95MA0.05)0.95PbI2.85Br0.15 Improvement of perovskite film
quality, passivate interface
defects, release interfacial stresses

21.39 80.1% of initial efficiency after
960 h of aging at 60 1C and
57.2% after 960 h of exposure
to 1 Sun illumination

90

Organic
materials

MBIm Cs0.05(MA0.15FA0.85)0.95Pb(I0.85Br0.15)3 Optimize energy-level matching,
passivate interface defects, reduce
non-radiative recombination

21.6 85% and 90% of initial effi-
ciency under high-humidity
and continuous-light
conditions

95

ABSA MAPbI3 Enhance charge transport, passi-
vate defects, reduce non-radiative
recombination

20.32 56.7% of the initial efficiency
after 30 d in the atmosphere

96

EDTA-2M FA0.95MA0.05Pb(I0.95Br0.05)3 Passivate interface defects and
improve the crystalline quality of
perovskite

23.30 95% of initial efficiency after
1200 h in the atmosphere

99

CDSC Rb0.02(FA0.95Cs0.05)0.98PbI2.91Br0.03Cl0.06 Passivate interface defects 22.22 92.5% of initial efficiency after
aging at 60 1C for 1272 h

100

[BMIM]BF4
and TPPO

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 Reduce surface WF of ETL and
non-radiative recombination

21.1 98.3% of initial efficiency after
214 d under dry air conditions

101

BGCl (FAPbI3)x(MAPbI3)y Enhance extraction and transport
of carriers

24.4 95% of initial efficiency with
over 500 h of aging

106

HP Cs0.05FA0.85MA0.10Pb(I0.97Br0.03)3 Improve the growth of perovskite
crystals, promote the uniform
dispersion of SnO2

23.03 97% of the initial efficiency
after 1000 h under 1 Sun
illumination

107

PEGDA FAPbI3 Increase electrical conductivity,
passivate interface defects

23.31 Over 90% of initial efficiency
with 850 h of continuous
lighting

108
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(BBA), with their respective modification effects being investigated
(Fig. 11a and b). The various halogenated LDP passivation layers
exhibited different effects due to their unique crystal parameters
and chemical properties. The experimental results demonstrate
that all four materials can reduce the non-radiative recombination
loss and trap states. Remarkably, the device exhibits significantly
enhanced long-term stability under different aging conditions due
to the good hydrophobicity of the halogenated LDP and its ability
to inhibit organic molecules and iodide ions from diffusing.

The 2D PEA2PbI4 layer was found to be used as a passivation
layer on 3D perovskite films by Chen et al.117 This further tuned
the Fermi energy level, significantly reduced the trap density on

the 3D perovskite surface, and suppressed non-radiative recom-
bination. Final PSCs with an efficiency of 18.51% were
obtained. More importantly, the device could maintain an
initial efficiency of nearly 90% after 1000 h under high humidity
ambient conditions of 60 � 10%.

In contrast to the above research directions, Long et al.
worked out the effect of a 2D perovskite on flexible PSCs.118

They introduced a 2D perovskite formed from 4-trifluoromethyl-
phenylethylamine iodide (CF3PEAI) on the surface of a 3D
perovskite. The 2D perovskite not only improved the energy-
level alignment between the HTL and the perovskite layer but
also reduced the trap density in the 3D perovskite, lowering the

Fig. 11 Two-dimensional (2D) materials for perovskite/HTL interfaces of normal structural PSCs. (a) Schematic diagrams of the structure of BA and its
halogenated derivatives (FBA, CBA and BBA) and (b) crystal diagram of the BA-based 2D perovskite layer on 3D perovskite. Reproduced with permission
from ref. 116. Copyright 2020 Elsevier. (c) Cross-sectional SEM image and (d) J–V curves of PSCs based on the 2D perovskite structure. Reproduced with
permission from ref. 118. Copyright 2021 Wiley. (e) J–V curves of PSCs based on pristine and MoS2-modified devices. Reproduced with permission from
ref. 119. Copyright 2020 Elsevier. (f) J–V curves of PSCs based on Spiro-OMeTAD and Spiro-OMeTAD/SMe-TATPyr. Reproduced with permission from
ref. 120. Copyright 2021 Elsevier.
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energy loss and carrier recombination at the interface and
promoting hole transfer from the perovskite to the HTL. The
flexible PSCs prepared after the modification achieved an out-
standing efficiency of 21.1% with a certified PCE of 20.5%
(Fig. 11c and d). Notably, the device showed enhanced long-
term stability due to the supportive impact of the 2D perovskite
layer on the underlying 3D perovskite.

In 2020, 2D-MoS2 was applied to the perovskite/HTL
interface.119 Insertion of this material as an interfacial layer
can regulate the energy-level alignment of the HTL and the
perovskite, which can suppress interfacial charge accumulation
and increase the charge extraction rate. Moreover, the defect
state was reduced, and the degradation of the active layer was
improved. Ultimately, the efficiency of the device structure based
on FTO/c-TiO2/SnO2 QD/Cs0.1FAPbI3(0.81) (MAPbBr3(0.09))/MoS2/
PTAA/Au reached an efficiency of 18.54% compared with 15.05%
for the control device without the MoS2 layer (Fig. 11e).

Recent studies have shown that sulfur atoms can act as
Lewis bases and thus effectively passivate uncoordinated Pb2+

deficiencies in perovskites. With this in mind, Li et al. designed
and synthesized a class of sulfur-rich 2D conjugated small
molecules (SMe-TATPyr).120 After introducing an ultrathin layer
of SMe-TATPyr between the perovskite layer and the HTL, they
found that SMe-TATPyr matched better with the valence band
of the perovskite, so it can effectively reduce the energy loss and
improve the Voc of the device. Simultaneously, the S atoms
in SMe-TATPyr can passivate the uncoordinated Pb2+ defects
in the perovskite through Pb–S interactions, thus reducing
the interfacial defect recombination. The PCE of the device

increased significantly from 20.4% to 22.3%, and 95% of the
initial efficiency was preserved after 1500 h of storage under
ambient conditions (Fig. 11f).

3.3.2 Quantum dots (QDs). Similar to interfacial modification
at the perovskite/ETL interface, QDs applied to the perovskite/HTL
interface can also improve the device stability in addition to
passivating defects. Inorganic CsPbBr1.85I1.15 perovskite quantum-
dots (PQDs) were spin-coated onto the perovskite surface as an
interface layer.121 PQDs passivated traps at the interface and grain
boundaries and inhibited charge recombination without affecting
the phase composition and crystal structure of the perovskite films
(Fig. 12a and b). The optimized device achieved an efficiency of
21.14% with a Voc of 1.14 V. More importantly, the test results of
subjecting the unencapsulated PSCs to an ambient relative humid-
ity of 40–50% and continuous illumination conditions showed
excellent long-term stability. Unlike the single-use of PQDs as an
interfacial passivation layer for PSCs, Zheng et al. explored their
application as surface ligand-carrying carriers.122 They found that
PQDs can fill defective sites on one hand, and on the other hand
the organic ligands from the QD synthesis process were separated
from the QDs and self-assembled on the surface of the perovskite
films, making them hydrophobic and thus preventing the infiltra-
tion of water. The study indicated that an MAPbI3 device modified
with CsPbBrCl2 QDs obtained a PCE of up to 21.5% and
maintained 80% of the initial PCE after 500 hours of continuous
light exposure, which presents a novel approach to solving the
problems encountered in the preparation of thin films as well
as devices. Spiro-OMe TAD is the most commonly used hole
transport material for the preparation of high-efficiency PSCs;

Fig. 12 Quantum dots (QDs) for perovskite/HTL interfaces of normal structural PSCs. Cross-sectional SEM images of PSCs based on (a) an unmodified
perovskite surface and (b) the perovskite layer modified with PQDs. Reproduced with permission from ref. 121. Copyright 2019 Elsevier. (c) Cross-
sectional SEM image of PSC modified with PbS-QDs, and (d) J–V curves of pristine and PbS-QD-modified PSCs. Reproduced with permission from
ref. 127. Copyright 2021 Elsevier.
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however, using corrosive 4-tert-butylpyridine and the hygro-
scopic Li-TFSI as indispensable dopants leads to poor device
stability.123,124 To explore modification materials that can
replace dopants, in 2021, Cheng et al. designed PQDs as a
modification layer between the perovskite layer and the
dopant-free organic-HTL (o-HTL), which significantly improved
the performance of PSCs.125 The introduction of PQDs not only
passivated the defects on the perovskite surface but also optimized
the energy-level arrangement at the perovskite/HTL interface. More
importantly, PQDs improved the hole mobility by controlling the
crystal orientation of various dopant-free o-HTLs. The experimental
results indicated that the performance of the PQD-modified and
undoped o-HTL-based PSCs can completely replace or even surpass
the role of Li+ doping. In particular, the stability of the modified
dopant-free PSCs was significantly improved.

PbS-QDs with a broad light absorption and outstanding hole
transport ability have also been employed and investigated
between the perovskite layer and the HTL. The valence band
of PbS-QDs is in the range of �(5.0 to 5.1) eV, which matches
the valence band of MAPbI3. Zhu et al. synthesized lead sulfide
QDs and dynamically spin coated them onto perovskite films
using the reported method.126 The incorporation of PbS-QDs
enhanced the hole extraction rate and reduced carrier recom-
bination. Furthermore, the morphology of the perovskite film is
significantly improved as a result. Ultimately, the device
obtained a PCE of 19.24%, which was better than that of the
unmodified device. Similarly, Ka et al. reported the application
of PbS-QDs as an interface modification layer for the HTL and
the perovskite/HTL interface, respectively, where CuSCN was
used as the HTL material instead of the expensive organic
HTL.127 The PbS-QDs were grown directly on the perovskite films
using physical deposition, and two devices were subsequently
prepared. They found that the PbS-QDs provided a beneficial
passivation effect on the perovskite films, enabling better charge
separation and collection. The experimental results demon-
strated that PbS-QDs exhibited the best performance of 17%
when used as an intermediate layer between the perovskite and
the CuSCN films (Fig. 12c and d). In particular, the presence of
PbS-QDs greatly improved the stability of the device and avoided
hysteresis effects.

3.3.3 Small organic molecules and ammonium salts. Similar
to modification of the ETL/perovskite interface, organic materials
have also been intensively explored for interfacial modification of
the perovskite/HTL to passivate imperfections and adjust the
surface potential of the perovskite while inducing the formation
of physical overlays to enhance the stability. Examples include
organic molecules containing electron lone-pair donors and
organic ammonium salts.

As mentioned earlier, CuSCN has commonly been considered
by researchers as a replacement for expensive organic materials
such as spiro-OMeTAD due to its low cost and superior hole
mobility and stability, but devices prepared using CuSCN often
suffer from Voc loss.128 Based on this, organic functional
molecules were added to the surface of the perovskite layer to
passivate imperfections and improve interfacial contacts.129 The
researchers looked for potential functional groups with a high

CuSCN-binding affinity among several pyridine derivatives and
found the best functional molecules that bind to both perovskite
and CuSCN (Fig. 13a). Ultimately, CuSCN-based devices were
prepared using a mixture of 3-pyridyl isothiocyanate (Pr-ITC)
and phenylene-1,4-diisothiocyanate (Ph-DITC) as the interfacial
modification material and achieved an average PCE of 18.57%,
which was very close to that of spiro-OMeTAD-based PSCs.

To improve the FF of PSCs during operation, Wang et al.
synthesized three carbazole-based fluorinated small molecules,
that is, F3BnCz, F5BnCz and F4BnCz2, and explored their effects
on the perovskite/HTL interfaces (Fig. 13b).130 It was investigated
that the use of these organic molecules as interfacial layers not
only effectively prevented electron transport through holes in the
material but also formed an improved contact between the
perovskite and the HTL. As a result, the FF was increased from
75% to 80% without affecting the Jsc and Voc values, leading to
an increase in the PCE from 18.99% to a maximum of 19.96%.
In particular, the modified PSCs demonstrated high long-term
stability due to the addition of fluorine atoms that make the
interfacial layer highly hydrophobic.

Bearing in mind that interfacial organic molecular engineering
has been unsatisfactory in improving the lifetime of PSCs, an
interfacial engineering strategy using multifunctional ligands was
reported, demonstrating that 2,5-thiophenanthrene carboxylic
acid ligands can effectively passivate interfacial defects and
significantly improve the stability of PSCs.131 This modification
was ascribed to the interaction between the ligand and the
perovskite layer at the nanomolecular/sub-nanomolecular level.
This ligand improved various defects, inhibited interfacial reorga-
nization, and reduced ion migration in multiple ways.

Most of the organic molecules used to passivate interfacial
defects create an electrically insulating layer at the interface
that hinders charge extraction. Zhao et al. introduced an
interfacial engineering strategy using the highly crystalline
small molecule 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothio-
phene (C8-BTBT) (Fig. 13c). C8-BTBT interacts with the perovskite
surface, thus reducing the interfacial defects.132 In addition,
this strategy stabilized the interface by reducing the electrically
insulating aggregates. Ultimately, the absolute efficiency of the
C8-BTBT-modified device was increased by more than 2% and the
heat resistance of the spiro-OMeTAD layer resulted in a significant
improvement.

Also to solve this drawback, researchers explored the possibility
of 2-(30 0 0,40-dimethyl-[2,20:50,00:500,20 0 0-quaterthiophen]-5-yl)ethan-1-
ammonium iodide (4Tm) to modify the perovskite/HTL
interface.133 It was found that the 4Tm molecular layer and the
thin 2D perovskite (4Tm)2PbI4 layer combined to form a multi-
functional capping layer (MCL) as a conjugated ligand between the
perovskite and the HTL. This promoted charge transfer throughout
the device by improving the energy-level alignment and stabilized
the perovskite interface and lattice by inhibiting ion migration to
reduce interfacial non-radiative recombination (Fig. 13d). The PCE
of the MCL-based modified PSC was improved to 22.06% with long-
term operational stability.

Currently, the passivation mechanism of most organic
ammonium salts such as PEAI works by reacting with ions
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not bound to ligands or via the formation of a low-dimensional
perovskite phase. For instance, cetyltrimethylammonium
bromide (CTAB) was applied to the surface of the perovskite
layer and subjected to a simple post-treatment.134 Two useful
effects here were that the ammonium group in CTAB may
anchor to the MAPbI3 film surface to passivate defects, and
that the moisture stability was improved through the attachment
of long carbon chains at the perovskite surface. The experi-
mental results indicated that the champion photovoltaic perfor-
mance of 18.95% and the steady-state output PCE of 18.11%
were obtained by modifying the optimal CTAB concentration.
Specifically, the CTAB-treated MAPbI3 device exhibited better
operating stability than the control device under the same
conditions.

Considering the importance of improving the thermal sta-
bility of PSCs, Salado et al. explored the effect of three different

substituted thiazolium iodide (TMI) salts on the perovskite/
HTL interface.135 Not only can TMI control the possible recom-
bination paths at the perovskite/HTL interface but it can also
reduce the density of shallow and deep traps due to the
passivation of iodide vacancies in the lattice, thus increasing
both Voc and FF. More importantly, unencapsulated devices
utilizing TMI exhibited outstanding intrinsic and thermal
stability due to the interaction between the thiazole salt and
the perovskite surface.

In contrast to previous reports, Liang et al. investigated the
interfacial modification of 1-naphthylmethylamine iodide
(NMAI) and demonstrated an alternative passivation mecha-
nism, namely chemical passivation.136 The NMAI, with a high
formation energy, left NMA+ functional groups on the surface of
the perovskite film, thus effectively inhibiting defect recombina-
tion. Simultaneously, the charge accumulation was controlled by

Fig. 13 (a)–(c) Structure diagrams of various organic molecules used to modify the perovskite/HTL interface of normal structural PSCs. (a) Reproduced
with permission from ref. 129. Copyright 2019 The Royal Society of Chemistry. (b) Reproduced with permission from ref. 130. Copyright 2020 The Royal
Society of Chemistry. (c) Reproduced with permission from ref. 132. Copyright 2021 American Chemical Society. (d) Energy level diagram of PSCs based
on MCL. Reproduced with permission from ref. 133. Copyright 2021 Wiley. (e) Energy level diagram of PSCs based on NMAI. Reproduced with permission
from ref. 136. Copyright 2020 Wiley. (f) Energy level diagram of PSCs based on TMPMAI. Reproduced with permission from ref. 138. Copyright 2022
Elsevier.
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inducing energy-level bending, which improved the minority
carrier recombination due to charge blockage (Fig. 13e). The
final prepared device revealed an efficiency of 21.04% and a Voc

of up to 1.20 V as well as long-term stability.
Another unique strategy uses (Me-PDA)Pb2I6, which can

form 3D ‘perovskitoid’ structures instead of a low-dimensional
perovskite.137 This interfacial layer was induced to form a thin
3D perovskite-like structure acting at the perovskite/HTL inter-
face. Compared with the commonly used 2D structure of
(PEA)2PbI4, the device derived using (Me-PDA)Pb2I6 was char-
acterized by a superior film quality, a longer carrier lifetime and
a higher carrier mobility, together with a lower surface defect
density. The device efficiency was thus significantly improved
to 22.0% with long-term operational stability.

In 2022, a new organic ammonium salt, namely N,N,N-
trimethyl phenylmethyl ammonium iodide (TMPMAI), was suc-
cessfully designed and applied at the perovskite/HTL interface.138

This strategy not only passivated interfacial defects (mainly target-
ing Pb2+ as a deep defect in the perovskite) via interaction of the
introduced benzene ring with the perovskite but also created a
gradient energy distribution at the interfaces, thus effectively
suppressing non-radiative recombination (Fig. 13f). Ultimately,
the device based on TMPMAI modification obtained an outstand-
ing PCE of 23.1% with long-term stability.

3.3.4 Other interface-modification materials. Besides the
above interfacial treatment strategies, other creative approaches

are being investigated and reported. For example, NiOx was
introduced into the interface between the perovskite and the
HTL.139 The NiOx layer was spin-coated on top of the perovskite
layer, which not only became a part of the HTL but also acted as
an interface modification layer to reduce the interfacial defect
density of the perovskite. The device incorporating the NiOx

layer achieved stronger carrier extraction and a better-matched
energy-level alignment, resulting in a champion PCE of 21.66%.
In addition, the NiOx/spiro-OMeTAD bilayer device had an
enhanced stability such that an initial efficiency of 90% for over
1200 hours could be maintained (Fig. 14a and b).

A passivation strategy for the perovskite/HTL interface using
potassium acetate (K-Ac) was presented.140 The unique K-Ac
can be soluble in a wide range of solvents, enabling it to be
used as a bottom and top interface layer. In n–i–p devices, this
interfacial passivation layer improved the energy-band align-
ment of the perovskite/HTL interface, ultimately achieving a
superior efficiency of 21.57% compared with the control
devices. In particular, the potassium passivation layer in the
inverted device changed the orientation of the perovskite
particles and improved the charge transport, which also
resulted in a more outstanding optoelectronic performance
(Fig. 14c and d). The generalizability of this passivation strategy
deserves continued attention from researchers.

In addition, other interface-modification techniques have been
used to deposit the modification materials at the perovskite/HTL

Fig. 14 J–V curves (a) and stability curves (b) for the perovskite/HTL interfaces of normal structural PSCs based on pristine and NiOx-modified
interfaces. Reproduced with permission from ref. 139. Copyright 2019 American Chemical Society. J–V curves for n–i–p (c) and p–i–n (d) structures of
normal structural PSCs based on pristine and K-Ac-modified interfaces. Reproduced with permission from ref. 140. Copyright 2021 Wiley.
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interface. All of these approaches showed promise and significant
advantages for the commercial application of PSCs, although the
process often requires significant time. Typical modification
materials that can enhance both the device performance and
the stability in the above interfaces are screened and summarized
in Table 2.

3.4 Dual interfacial modification engineering

In recent years, there has been an increasing number of
researchers exploring the novel strategy of simultaneously
modifying the ETL/perovskite and perovskite/HTL dual inter-
faces in order to improve the device performance more com-
prehensively. Either the same material is applied or different
materials are modified separately, with similar approaches as
described in the previous section. For example, organic
cationic-based n-BAI compounds were induced to form 2D
perovskite layers as double-side passivation layers.141 It was
found that the double-side-modified layer effectively sup-
pressed the non-radiative recombination on both sides of the
active layer. The discontinuity of the passivation layer remained
unaffected by the conductive channel between the perovskite
and the CTL to the extent that effective charge extraction was
maintained (Fig. 15a and b). The modified device revealed one

of the highest Voc values of 1.20 V and a PCE of 22.60% with
negligible photocurrent hysteresis.

Such modification has also been made for QDs. Chen et al.
applied Ti3C2Tx quantum dots (TQDs) to both the ETL and
perovskite layers, and, in particular, they also explored the
doping effect of Cu1.8S nanoparticles on the HTL – thus it can
be called a triple interfacial modification.142 On the one hand,
TQDs in mesoporous titania reduced the interfacial defects,
improving the electron transport in the ETL/perovskite. On the
other hand, the TQDs located in the perovskite/HTL increased the
crystallite size and conductivity of the perovskite by passivating
the recombination centers of charge, thus charge separation
and transport were significantly promoted (Fig. 15c and d).
Furthermore, the HTL with the incorporation of Cu1.8S showed
a higher hole mobility and conductivity as well as a better film
quality, and also slowed down the decomposition of the perovs-
kite. This resulted in PSCs with multiple interfacial modifications
with TQDs and Cu1.8S nanoparticles, reaching a PCE of 21.64%.

Similarly, WOx is an n-type transition metal semiconductor
oxide with a wide bandgap and a high electron mobility, which
has been commonly employed in photocatalysts, electro-
chromic materials, optical devices, etc.77 WOx nanorods doped
with europium ions (Eu-WOx) were also introduced into both

Table 2 Modification materials at the perovskite/HTL interface with the ability to simultaneously improve the efficiency and stability of normal structured
PSCs

Modification materials Perovskite Main roles PCE [%] Stability Ref.

Two-dimensional
materials

CF3PEAI FA1�xMAxPbI3 Reduce energy loss and carrier
recombination at the interface

20.5 Over 86% of initial efficiency
after 880 h of aging

118

SMe-TATPyr FA1�xMAxPbI3 Reduce energy loss and interface
defect recombination

22.3 95% initial efficiency for
1500 h of storage under
ambient conditions

120

Quantum dots
(QDs)

PQDs (CsPbBrCl2) CsPbBr1.85I1.15 Fill defective sites, inhibit water
penetration

21.5 80% of initial efficiency after
500 h of continuous light
exposure

122

PbS-QDs MAPbI3�x�yClxBry Passivate interface defects, improve
charge separation and collection

17 Over 84% of initial efficiency
under continuous sunlight
exposure and storage in
ambient air for over 30 d

127

Small organic
molecules and
ammonium salts

F4BnCz2 MAPbI3 Prevent electrons from transporting
material through holes

19.96 80% of initial efficiency for
23 d of storage

130

2,5-
Thiophenanthrene
carboxylic acid
ligands

FA0.97MA0.03PbI2.91Br0.09 Passivate interface defects, improve
the stability of PSCs

23.4 87% of initial efficiency after
1440 h

131

4Tm Cs0.05(FA0.87MA0.13)0.95

Pb(I0.87Br0.13)3

Improve energy-level alignment,
reduce interfacial non-radiative
recombination

22.06 85% of maximum efficiency
after 700 h

133

CTAB MAPbI3 Passivate defects, improve moisture
stability

18.11 Over 60% of initial efficiency
after 1800 m

134

TMI MAPbI3 Control the possible reorganization
paths on the interface, reduce the
trap density

18.93 95% of initial efficiency after
800 h

135

NMAI Cs0.05(MA0.15FA0.85)0.95
Pb(I0.85Br0.15)3

Suppress defects and minority
carrier recombination

21.04 98.9% of the initial efficiency
after 3240 h

136

(Me-PDA)Pb2I6 (FAPbI3)0.85-
(MAPbI2Br)0.10

(CsPbI3)0.05

Improve film quality, carrier life-
time and carrier mobility, reduce
surface defect density

22.0 90% of the initial efficiency
after 1008 h

137

TMPMAI FAMAPbI3 Passivate interfacial defects, inhibit
non-radiative recombination

23.1 Maintain initial efficiency
after 96 d

138

Other interface
modification
methods

NiOx (FAPbI3)x(MAPbBr3)1�x Reduce interfacial defect density,
improve carrier extraction cap-
ability and energy-level alignment

21.66 90% initial efficiency for
1200 h

139
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the ETL and HTL to improve the performance.143 The modified
PSCs obtained a 22.08% hysteresis-free photovoltaic performance
and better operational stability (Fig. 15e). This result was
attributed to the significant improvement in electrical conduc-
tivity, carrier mobility, and crystal quality of the perovskite
films by the Eu-WOx nanorods, as well as the significant
improvement in the electron/hole extraction efficiency at the
perovskite/ETL and perovskite/HTL interfaces through proper
energy-band alignment. Likewise, n-type semiconductor materials
(such as BCP) have been used for bi-directional modification
studies of PSCs.144 The films modified with BCP achieved better
crystallinity and superior interfacial contact, resulting in high-
performance devices with a PCE of 20.6% (Fig. 15f).

AgBiS2 has also been investigated as a modification layer
for the ETL/perovskite interface, improving the energy-level
alignment and enhancing the charge transport capability.145

In addition, the researchers avoided the problem of inferior

conductivity by using polyethylene glycol (PEG) in various
solvents to modify the perovskite/HTL interfaces instead of
adding it directly to the perovskite precursor solution. The
grain size and crystallinity of the perovskite films were signifi-
cantly improved. Consequently, the device modified with the
dual interface achieved an efficiency of 21.19% and showed
strong UV stability and stability against moisture absorption.

Interestingly, Chen et al. developed a guided transfer strategy
to achieve the simultaneous modification of the perovskite and
ETL films.146 Firstly, Eu3+ was doped into SnO2 to passivate
its surface defects, and then Eu3+ diffused into the perovskite/
ETL interface via directional motion. Under the synergistic
effect of both, the trap density in the different films was
significantly reduced and the electron mobility of the ETL
was increased markedly. The experimental results indicated
that the obtained PSCs showed a PCE of up to 20.14%. In
particular, the unencapsulated PSCs were efficient and slowly

Fig. 15 Schematic diagram of the structure of dual-interface-modified PSCs (a) and J–V curves (b) based on n-BAI. Reproduced with permission from
ref. 141. Copyright 2019 Wiley. Modification with TQD and Cu1.8S (c) and J–V curves (d) based on this device architecture. Reproduced with permission
from ref. 142. Copyright 2020 Wiley. (e) Structure and J–V curves of dual-interface-modified PSC with Eu-WOx. Reproduced with permission from
ref. 143. Copyright 2021 Elsevier. (f) Structure and J–V curves of dual-interface-modified PSC with BCP. Reproduced with permission from ref. 144.
Copyright 2021 American Chemical Society.
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degraded by only 13% after 84 days of storage in an ambient
atmosphere.

3.5 Perovskite/top electrode interface

Recent work on the interfacial modification of the top electrode
of normal PSCs has largely focused on the interface between the
perovskite layer and the carbon electrode. In 2013, Han et al.
used a carbon electrode as the top electrode of the PSCs and
prepared the first fully printed HTL-free PSCs, obtaining a PCE
of 6.64%.49,52 Since then, research into replacing the traditional
noble metal with carbon as the top electrode has been gradually
developed. However, this device structure has so far suffered
from severe performance losses at the back electrode interface,
including energy-level mismatch and ineffective hole extraction.
Based on this, a 2D perovskite passivation layer was utilized
as an electron-blocking layer (EBL) to achieve the purpose
of suppressing non-radiative recombination and reducing

interfacial recombination losses (Fig. 16a). The final HTL-free
PSCs treated with 2D perovskite interfaces achieved a maximum
efficiency of 18.5%, accompanied by enhanced device stability
(Fig. 16b).147 Wu et al. utilized a thin layer of poly(ethylene oxide)
(PEO) to improve the interfacial energy-level alignment, which
was verified through UV emission spectroscopy measurements.
Accordingly, a high efficiency value of 14.9% was exhibited.
In particular, the modified device retains 77% of its initial PCE
after 192 h of storage under unencapsulated dual 85 1C aging
conditions (Fig. 16c–e).148

In addition to carbon electrodes, PSCs with an efficiency
greater than 9% were obtained by applying amorphous indium
zinc oxide (IZO) layers via sputtering as broadband transparent
back electrodes (Fig. 16f and g). When MoOx was inserted as
a buffer layer, the efficiency could be increased to 10.3%.149

In particular, an efficiency of more than 18% was obtained after
applying the modified cells to a four-terminal tandem device.

Fig. 16 (a) Schematic diagram and (b) SEM image of the perovskite/top electrode interface of HTM-free C-PSCs based on a 2D perovskite. Reproduced
with permission from ref. 147. Copyright 2022 Wiley. (c) I–V curves, (d) IPCE curves and (e) steady-state output curves for the perovskite (Pero)/top
electrode interface based on PEO. Reproduced with permission from ref. 148. Copyright 2019 Wiley. (f) Schematic diagram of the structure of a typical
ST-PSC and (g) J–V curves for different device structures based on MoOx. Reproduced with permission from ref. 149. Copyright 2015 Elsevier.
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4. Interfacial engineering in the
inverted structure
4.1 Bottom electrode/HTL interface

In PSCs with inverted structures, the acidic nature and electrical
inhomogeneity of PEDOT:PSS can negatively affect the chemical
stability and electron-blocking ability of the ITO/PEDOT:PSS
interface. Some SAMs can be used to solve this problem by
modulating the WF of ITO. For example, SAMs containing
fluorinated functionalized boronic acid derivatives were investi-
gated for their effectiveness in modifying the ITO surface of
planar PSCs.150 The results after SAM treatment showed that the
short-circuit current was enhanced and the trap states of the
interface were improved via passivation when the WF of ITO was
increased. In addition, SAM modification can also be used to
protect electrodes that are made of ITO and PEDOT:PSS. Planar
PSCs with a 16% efficiency were successfully designed with
low hysteresis, high reproducibility, high stability, and high
efficiency after SAM modification.

4.2. HTL/perovskite interface

Among inverted and normal PSCs, the main difference lies in
the swapping of the ETL and HTL positions and the matching
of the functional valence bands after the swapping. Polymer-
based hole-transport materials have a relatively high hole
mobility and can be easily modified from a molecular perspective,
making them ideal for inverted PSCs. The extensively employed
poly(3, 4-ethylenedioxythiophene):polystyrene sulfonate (PED-
OT:PSS) affects the Voc of the cells due to its energy-level
problem, and its acidic aqueous solution is corrosive to ITO
glass, which is detrimental to the long-term durability of the
PSC.151,152 Therefore, numerous modification strategies have
been explored to address these described defects.

Zhou et al. used the multifunctional ionic liquid 1-ethyl-3-
methylimidazolium chloride (EMIC) to modify the PEDOT:PSS
HTL/perovskite interface, which regulated the interfacial con-
tact between the HTL and the perovskite layer.153 Furthermore,
the crystalline quality of the perovskite film was improved
and the charge complex loss was reduced. Notably, they pioneered
the replacement of PCBM with the S-acetylthiocholine chloride
molecule. The efficiency of the finally prepared inverted PSCs
reached 20.06% with outstanding stability (Fig. 17a).

Cesium iodide (CsI) was also applied using the interfacial
modification strategy by doping into PEDOT:PSS.154 The material
reacts with PbI2 to form CsPbI3, improving the interfacial contact
and charge transport of the PEDOT:PSS/perovskite interface.
In addition, the reduction of the WF of the HTL enhanced its
hole-transport properties and suppressed non-radiative recombi-
nation. The inverted PSCs modified with CsI exhibited an excel-
lent PCE of 20.22% with negligible hysteresis (Fig. 17b). More
importantly, a higher Voc of 1.084 V was achieved.

Quasi-2D (Q-2D) perovskite films have been shown to have
multiphase structures with different n values (the number of
laminated inorganic substances) and to facilitate electron–hole
separation.155 However, Q-2D perovskite materials are still far
from being comparable to 3D perovskite materials. Liu et al.

found that in inverted PSCs, the deposition of Q-2D perovskite
led to the disappearance of this vertical phase distribution.
This was mainly attributed to the acidic PEDOT:PSS caused the
conversion of perovskite precursors from colloids to solutions.
Based on this, they introduced a self-assembly layer of 4-
bromobenzenediazonium tetrafluoroborate (BrB), which
enabled the Q-2D perovskite films to form the required vertical
phase distribution (Fig. 17c). The champion device exhibited a
high Voc of 1.11 V and a PCE of 13.74%, as well as superior
stability.

Recently, to address the problem of recombination loss due
to doping of PEDOT:PSS, aqueous NaOH was used to de-dope
the PEDOT:PSS layer and to increase the conductivity by
adjusting the thickness of the layer to achieve effective charge
transport.156 The de-doped PEDOT:PSS/perovskite interface
demonstrated a significantly lower recombination loss, leading
to an increase in the device Voc, FF and PCE. This modification
strategy provided a potential direction for the application of
PEDOT:PSS in inverted PSCs.

Poly(triarylamine) (PTAA) was introduced into PSCs by Nam
Joong Jeon et al. to show excellent performance as a hole
transport material.157 Interestingly, the material can also be
utilized as an interfacial modification layer to play a role such
as defect passivation. Its mechanism of action to reduce inter-
facial recombination was evidenced through a simulation
strategy based on a drift–diffusion model.158,159

Although PTAA is currently the preferred material because of
its better matching energy levels, higher transport properties,
and its ability to significantly improve the long-term stability of
the cells, the poor conductivity and surface wettability of PTAA
lead to an impaired device performance.160 Thus, it is crucial
to carry out suitable modifications to the PTAA layer. The 3-(1-
pyridinio)-1-propanesulfonate (PPS) molecule was designed as
a chemical bridge at the PTAA/perovskite interface.161 The
sulfonate in the PPS molecule can form coordination bonds
with Pb2+ in the perovskite, and pyridine can be chemically
coupled with the phenyl group of PTAA through p–p stacking,
which synergistically improves the interfacial properties of the
PTAA/perovskite interface. Furthermore, PPS molecules can
significantly reduce the non-radiative recombination by passi-
vating the surface defects of the perovskite. As a result, the
efficiency of the device was increased to 21.7% with negligible
hysteresis (Fig. 17d). Similarly, Xu et al. tuned the energy levels
and surface wettability by removing the alkyl group of PTAA and
adding a multifunctional pyridine unit, together with passiva-
tion of the interfacial trap.162 The difficulties of PTAA as the
HTL were thus comprehensively solved. The resulting device
achieved a PCE of more than 22% with the benefit of the dense
and homogeneous perovskite film (Fig. 17e).

Except for the commonly used organic polymer cavity trans-
port materials, inorganic cavity layer materials such as NiOx,
V2O5, and CuSCN have also been extensively explored and
researched.163–165 Among them, NiOx has received more attention
due to its stable chemistry and valence band that matches with
the halide perovskite absorber layer. With the application of
interface modifiers suitable for NiOx, a number of significant
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advances have been made that are accompanied by certified high
PCE values.

Alkali chloride was reported to markedly inhibit the inter-
facial recombination of NiOx hole transport layers in inverted
PSCs as an interfacial modification layer.166 This was mainly
attributed to the ordering of the perovskite films being tuned by
alkali chloride ions, which reduced the defect density and led to
a reduction in interfacial recombination. The Voc of the treated
devices reached a high of 1.15 eV with the resulting PCE being
significantly improved. Potassium salts, such as KI, KSCN and
KNO3, and other inorganic salts worked in a similar way to this
material.167 However, distinct from the inorganic salts mentioned
above, Zhang et al. highlighted the focus of CsBr for inverted
PSCs to alleviate interfacial stresses caused by lattice
mismatch.168 The resulting treated device achieved a certified

efficiency of 19.7% and favorable stability. The optimization of
the perovskite/NiOx HTL interface led to a substantial reduction
in the interfacial defect density and obtained the fast extrac-
tion/transfer of holes (Fig. 17f). In this work, a new direction is
proposed for modification of the NiOx/perovskite interface. The
organometallic dye molecule (N719) with a mesoporous
configuration can not only passivate the defects at the HTL/
perovskite interface but can also accelerate the carrier
transport.169 The Lewis basic and acidic groups in the N719
molecule applied to both the NiOx and perovskite surfaces. At
the same time, the hole extraction ability of the perovskite was
enhanced. The optimized device achieves a PCE of 20.4%, as
well as a higher Voc (Fig. 17g). This strategy provides an
opportunity for the selection of dye molecules in terms of
interfacial modification materials.

Fig. 17 J–V curves and stability curves for the HTL/perovskite interface of an inverted structure PSC based on (a) pristine PEDOT:PSS and EMIC-treated
PEDOT:PSS. Reproduced with permission from ref. 153. Copyright 2019 Elsevier. (b) J–V curves for the HTL/perovskite interface of an inverted structure
PSC based on PEDOT:PSS and PEDOT:PSS/CsI. Reproduced with permission from ref. 154. Copyright 2019 The Royal Society of Chemistry. (c) J–V
curves for the HTL/perovskite interface of an inverted structure PSC based on PEDOT:PSS and BrB/PEDOT:PSS. Reproduced with permission from ref.
155. Copyright 2019 Springer Nature. (d) J–V curves for the HTL/perovskite interface of an inverted structure PSC based on PTAA/PVK, PTAA/PVK:PPS,
and PTAA/PPS/PVK:PPS. Reproduced with permission from ref. 161. Copyright 2021 American Chemical Society. (e) J–V curves for the HTL/perovskite
interface of an inverted structure PSC based on p-PY, m-PY, o-PY and PTAA-2. Reproduced with permission from ref. 162. Copyright 2022 Wiley. (f) J–V
curves for the HTL/perovskite interface of an inverted structure PSC based on pristine and different concentrations of CsBr. Reproduced with permission
from ref. 168. Copyright 2020 Wiley. (g) J–V curves for the HTL/perovskite interface of an inverted structure PSC based on NiOx and NiOx/N719.
Reproduced with permission from ref. 169. Copyright 2021 Wiley. (h) J–V curves for the HTL/perovskite interface of an inverted structure PSC based on
NiOx and NiOx/SaC-100. Reproduced with permission from ref. 170. Copyright 2021 Elsevier. (i) J–V curves for the HTL/perovskite interface of an
inverted structure PSC based on NiO and CuxS and Al–CuS. Reproduced with permission from ref. 171. Copyright 2021 Wiley.
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The interfacial reaction between Ni3+ on the NiOx surface
and the A-site cation salt in the perovskite precursor solution
has been systematically investigated.170 It was concluded that
this reaction affects the effective transport of holes and
increases the possibility of non-radiative recombination, thus
compromising the device performance. In addition, the stability
of the device was degraded due to deprotonation of the precursor
amine and the oxidation of iodine to interstitial iodine. Based on
this, trimethylolpropane tris(2-methyl-1-aziridinepropionate)
(SaC-100) was applied as an interfacial modification layer to
target this undesirable reaction. SaC-100 can effectively hinder
the reaction of Ni3+ with MAI and reduce the Voc loss (Fig. 17h).
Through surface treatment, they obtained a 20.21% efficiency
and long-term stability.

Meanwhile, Al-doped CuS has been reported to be incorpo-
rated into inverted PSCs as an efficient inorganic HTL as well as
an interfacial modification material, where the role of aluminum
was mainly to modulate the energy-band matching of CuS and
the perovskite.171 This method not only optimizes the crystal-
lization process of the perovskite by passivating the interfacial
defects but can also be applied as a new HTL for inverted PSCs,
rendering sulfide-based materials remarkably promising as HTL
materials (Fig. 17i). Typical modification materials were similarly
screened and summarized in Table 3.

4.3 Perovskite/ETL interface

In inverted PSCs, the charge separation and transport at the
perovskite/ETL interface determine the overall optoelectronic
performance of the device. Compared with the large progress
made with hole transport materials, the development of electron
transport materials has been relatively slow. Electron transport
materials commonly used in inverted PSCs include C60 and its
derivatives and other non-fullerene electron transport materials.
So far, PCBMs are the most extensively utilized electron trans-
port materials due to their suitable energy-level matching,
low-temperature solution processability, and favorable electron
mobility.172,173

The chlorinated n-type fused-ring molecule Cl6SubPc was
introduced into the interface between the PEAI-treated 3D/2D
perovskite layer and the C60 ETL, resulting in a significant

increase in device efficiency from 20.5% to 22%.174 More
importantly, the stability of the device was also significantly
improved to the extent that it rivals those of crystalline silicon
cells (Fig. 18a). Although PCBM on its own has a high electron
transport capacity, it still suffers from a low coverage on the
perovskite layers and interfacial recombination. [6,6]-Phenyl-
C61-butyric acid-N,N-dimethyl-3-(2-thienyl)propanam ester
(PCBB-S-N) was demonstrated to act as an intermediate layer
to aid the growth of subsequent PCBM layers, forming a
smooth and continuous film.175,176 Interestingly, PCBB-S-N
can also form a bilayer ETL with PCBM. On the one hand, it
regulates the energy-band shift between the perovskite layer
and the PCBM ETL. On the other hand, PCBB-S-N contains
Lewis bases thiophene and amino groups to play a synergistic
role by binding to Pb2+ as well as forming hydrogen bonds,
respectively (Fig. 18b). Thus, the prepared inverted PSCs have a
champion photovoltaic performance of 21.08% as well as a
more prominent water resistance and thermal stability.

Similarly, a report demonstrated that the n-type organic
molecule homologous perylene diimide tetramer (HPDT) can
improve the quality of PCBM films and enhance the perfor-
mance of inverted PSCs.177 Its suitable energy level and high
electron mobility resulted in the suppression of non-radiative
recombination (Fig. 18c). The PCE was thus increased to
19.75% with negligible hysteresis.

The doping of PQDs in triple-cation perovskite was studied
to improve the device performance and demonstrated its
interfacial passivation properties.178 The presence of PQDs in
the anti-solvent avoided lattice distortion of the different
components due to their similar crystal structure to the per-
ovskite films, thus optimizing the interfacial defects. Moreover,
the high quality of the obtained perovskite films ensured the
reduction of non-radiative recombination and the improvement
of the carrier transport capacity during the device operation
(Fig. 18d). Finally, more than 21% of the PCE was obtained
for the devices modified with CPB-QDs. Another material
for modifying the perovskite/ETL interface is PbS-QDs.179 By
depositing PbS-QDs on the perovskite, significant passivation
of interfacial defects and suppression of non-radiative recombi-
nation of carriers were achieved. This was mainly due to

Table 3 Modification materials at the HTL/perovskite interface with the ability to simultaneously improve the efficiency and stability of inverted structure
PSCs

Modification
materials Perovskite Main roles PCE [%] Stability Ref.

EMIC MAPbI3 Improve crystalline quality of perovskite
films, reduce charge compound loss

20.06 85% of initial efficiency after 35 d of
storage in 60% humidity air

153

BrB (BA)2(MA0.95Cs0.05)3Pb4I13 Form vertical phase distribution of Q-2D
perovskite films

13.74 88% of initial efficiency after 1400 h of
storage in air.

155

KCl CsFAMA Reduce defect density and interface
recombination

20.96 Over 95% of initial performance after
150 d storage in a nitrogen-filled dry box

166

CsBr MA1�xFAxPbI3�yCly Reduce defect density, improve extraction/
transfer of cavities

19.70 82% of the initial efficiency after 900 h 168

SaC-100 MAPbI3 Reduce Voc loss and non-radiative recom-
bination by hindering the reaction of Ni3+

with MAI

20.21 Over 80% and over 85% of initial effi-
ciency in thermal stability tests and light-
stability tests

170

Al-doped CuS FAPbI3 Improve energy-band matching, passivate
interfacial defects

12.02 60% of its initial efficiency after 650 h 171
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the suppression of ion-migration phenomena and the acquisi-
tion of high-quality PbS-QDs films. The treated inverted PSCs
achieved an efficiency of 20.64% as well as a significant improve-
ment in stability.

In addition to Lewis acids/bases and QDs, some ammonium
halides have been used to improve the device performance.
Zhuang et al. systematically investigated the passivation effects
of four phenethylammonium iodide (PEAI) compounds
that have different substituents.180 They concluded that the
interfacial passivation results were influenced by the electron
density of the benzene ring. Among them, phenethylammonium

iodides with electron-donating groups, i.e., methoxy and methyl,
can yield excellent passivation. By contrast, phenethylammo-
nium iodides with electron-accepting groups, i.e., nitro, showed
poor effects (Fig. 18e). The enhancement of the PCE and stability
was attributed to the interaction between the uncoordinated Pb2+

and the benzene ring. IT-DOH, a hydroxylated non-fullerene
acceptor (NFA) was introduced to modify the perovskite/ETL
interface to suppress non-radiative recombination, defects and
optimize carrier transport.181 The unique structure of IT-DOH
enabled a more ordered orientation and effective passivation
of defects (Fig. 18f). The final experimental results showed

Fig. 18 Structural diagram for the HTL/perovskite interface of inverted structural PSCs based on (a) C60 and Cl6SubPc. Reproduced with permission
from ref. 174. Copyright 2021 Elsevier. (b) Structure of PCBB-S-N. Reproduced with permission from ref. 176. Copyright 2019 Wiley. (c) Structure of
HPDT. Reproduced with permission from ref. 177. Copyright 2020 Elsevier. (d) J–V curves based on a pristine device and modification with CPB.
Reproduced with permission from ref. 178. Copyright 2020 Elsevier. (e) J–V curves based on a pristine device and a device with different post-processing.
Reproduced with permission from ref. 180. Copyright 2019 American Chemical Society. (f) J–V curves based on a pristine device and modification with
ITIC and IT-DOH. Reproduced with permission from ref. 181 Copyright 2021 The Royal Society of Chemistry.

Table 4 Modification materials at the perovskite/ETL interface with the ability to simultaneously improve the efficiency and stability of inverted structure
PSCs

Modification materials Perovskite Main roles PCE [%] Stability Ref.

Cl6SubPc CsFAMA Passivate interface defects, inhibit
halide diffusion

22 98% of initial performance after
2000 h at 80 1C in an inert
environment

174

PCBB-S-N MAPbI3 Regulate energy-band shift, inhibit
invading water molecules

21.08 92–95% of initial efficiency after
annealing at 85 1C for 500 h at 40–
50% ambient atmosphere for nearly
1000 h

175

HPDT MAPbI3 Improve the quality of PCBM films,
inhibit non-radiative recombination

19.75 Maintain a stable efficiency of 19.45% 177

PbS-QDs MAPbI3 Passivate interfacial defects, inhibit
non-radiative recombination

20.64 Maintain a stable efficiency of 20.23% 179

Phenethylammonium
iodides with electron-
donating groups, i.e.,
methoxy and methyl

(FAPbI3)1�x(MAPbBr3�yCly)x Passivate interface defects 22.98 Maintain almost constant efficiency
over 1000 h of storage
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that the NFA-doped devices achieved a champion photovoltaic
performance of 22.09% (Table 4).

4.4 Dual-interfacial-modification engineering

The dual-interfacial modification strategy has also attracted
extensive attention in inverted PSCs, for example, by depositing
PFN-Br and PEAI on the HTL and perovskite layers, respectively,
to simultaneously improve the HTL/perovskite interface and
perovskite/ETL interface quality, which synergistically brought
about the inhibition of non-radiative recombination.182 The
optimized PCE reached a champion value of 21.33% and a
stable PCE of 21.01% (Fig. 19a and b).

The application of KSCN for dual interfacial layer treatment
has also been reported.183 Firstly, the passivation effect of K+ is
the same as that mentioned above. Then, KSCN can effectively
reduce the defect density of the dual surface and inhibit the ion
migration through the electrostatic interaction of the perovskite
and the strong covalent bonding of NiOx. In addition, the energy-
level alignment of the HTL and the perovskite can be optimized.
This strategy eventually led to a Voc of 1.14 V and an FF of 0.8
with a champion PCE of 21.23%.

In a recent study, various PEAI-based compounds were used as
modified layers at different interfaces.184 It was proposed that the
wettability of the modified HTL/perovskite interface was improved,
resulting in more homogeneous films as well as avoiding the
generation of nanovoids at the HTL surface. Modification of the
perovskite/ETL interface achieved an active passivation effect with
the suppression of non-radiative recombination. It is worth men-
tioning that the joint implementation of both modifications
resulted in a simultaneous increase in all the photovoltaic para-
meters and enabled the easy combination of the ionic liquid with

the perovskite active layer. The final device with a maximum
conversion efficiency of 23.7% was obtained (Fig. 19c and d).

4.5 ETL/top electrode interface

The same problem of poor interfacial contact and severe energy
loss between the electron transport layer and the metal electrode
in inverted PSCs hinders their development. The electrode
modification material can adjust the function of the metal
electrode, so that the modified low function metal forms an
ohmic contact with the ETL to promote electron transport and
improve the device performance. A perylene diimide-based
zwitterion, QAPDI, has been successfully developed as an
interface-modification layer for the ETL/electrode. The material,
with its excellent solubility, suitable energy level and high
electron mobility, enabled enhanced interfacial contact, a lower
energy loss and consequently enhanced electron injection, trans-
port and collection. In particular, the environmental stability
was further enhanced by the good hydrophobicity of the mod-
ified layer (Fig. 20a).185 Wang et al. inserted a phosphine-inlaid
polymer between the top Ag metal electrode and the PCBM.186 By
bonding tightly to the top metal electrode, the modified layer
prevented the direct reaction between the electrode and the
perovskite, enhancing the rate of electron transfer between the
two layers. This study demonstrates that an efficiency of 20.2%
can be obtained even in air. It is worth mentioning that the 85 1C
aging test further demonstrates that the device can maintain
80% of the initial efficiency for at least 1100 hours (Fig. 20b). The
carbolong-derived complexes were also used as the cathode
interface layer material for the inverse PSCs, and the results
showed that the optimal device FF after modification was as high
as 83.52%.187 The final solar cells were prepared with a 21% (Ag

Fig. 19 Structural diagram of dual-interface-modified PSCs (a) and J–V curves (b) based on PFN-Br and PEAI. Reproduced with permission from ref.
182. Copyright 2020 Elsevier. Structural diagram of dual-interface-modified PSCs (c) and J–V curves (d) based on PEAI cations. Reproduced with
permission from ref. 184. Copyright 2021 The American Association for the Advancement of Science.
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electrode) and a 20% (Au electrode) photoelectric conversion
efficiency (Fig. 20c). The final stability test results proved that the
use of carbolong-derived complexes combined with high func-
tional Au electrodes greatly improved the stability of the devices
in air and inert gas.

Not to be overlooked, another major challenge for inverted
PSCs is the reaction of commonly used metal electrodes with the
perovskite layer, leading to electrode corrosion and degradation

of the device performance. Based on this, Fang et al. were
inspired by metal corrosion protection to improve the stability
of devices via the introduction of the organic preservative
benzotriazole (BTA) before deposition of Cu electrodes.188 The
BTA molecule chemically coordinates with Cu electrodes and
forms an insoluble polymer film of [BTA-Cu], which inhibited
the electrochemical corrosion and reaction between the perovs-
kite and the Cu electrodes. The devices with the chemical

Fig. 20 (a) J–V curves for the ETL/top electrode interface of inverted PSCs based on QAPDI. Reproduced with permission from ref. 185 Copyright 2020
The Royal Society of Chemistry. (b) J–V curves for the ETL/top electrode interface of inverted PSCs based on PPDIBPP. Reproduced with permission
from ref. 186. Copyright 2021 Elsevier. (c) J–V curves for the ETL/top electrode interface of inverted PSCs based on carbolong-derived complexes.
Reproduced with permission from ref. 187. Copyright 2021 American Chemical Society. (d) Stability curves for the ETL/top electrode interface of
inverted PSCs based on BTA. Reproduced with permission from ref. 188. Copyright 2020 The American Association for the Advancement of Science. (e)
Schematic diagram of the structure of a typical ST-PSC and (f) J–V curves for different device structures based on BCP:Ag. Reproduced with permission
from ref. 189 Copyright 2021 The Royal Society of Chemistry.
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preservative BTA have an initial PCE of approximately 92.8%
after 2500 hours of aging in air (Fig. 20d).

Ying et al. applied an interfacial modification strategy to
tandem solar cells using a 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP):Ag complex to regulate the electrical
contact between C60 (ETL) and IZO (Fig. 20e).189 The material
not only improves electron transport but also acts as a hole
hindrance layer to inhibit charge recombination and has the
effect of protecting the C60 layer. A final perovskite/silicon four-
terminal tandem solar cell with an overall efficiency of 27.59%
was achieved (Fig. 20f).

5. Summary and outlook

The multilayer structure of PSCs facilitates the existence of
four main interfaces, each of which is directly related to the
interfacial carrier dynamics and plays a decisive role in the
photovoltaic performance and stability of the devices. Among
them, the interfaces of ETL/perovskite, perovskite/HTL, and
CTL/electrode are the most critical. Based on these, this Review
discusses and summarizes the main research progress for these
types of interface engineering. We believe that the main func-
tions of these different interfacial modifications can be sum-
marized as follows: (1) passivation of interfacial defects by
filling vacancies or fixing interstitial atoms through chemical
interactions of specific functional groups; (2) more rapid
charge extraction by modulating the energy-band alignment
of neighboring interfacial layers; (3) optimization of the per-
ovskite growth process to assist in the formation of homo-
geneous, densified, high-performance perovskite films; and (4)
improvement of the device stability by blocking external moisture
penetration or inhibiting ion migration as a blocking layer.

For the photovoltaic industry, the efficiency, lifetime and
cost are considered to be the important indicators of a device’s
industrial viability. The PSC efficiency has increased dramatically
in recent years to the standard point for industrial production,
which is no longer the focus of attention. Currently, the maximum
lifetime reported for PSCs is at most a few thousand hours, which
is far below the lifetime of commercially available photovoltaic
devices. Interfacial modification, as a simple and accessible way
of optimizing PSCs, not only offers an extremely enhanced effect
on the efficiency but also holds significant research potential
for making improvements in the PSC lifetime. Interfacial
modification is expected to improve the long-term stability of
PSCs by isolating water and oxygen and passivating defects, thus
attracting increasing attention in recent years, which will be a hot
spot for PSC research in the coming years.

In addition, the PCE decreases significantly as the effective
area of the PSC is increased, which is limited by the solution-
processing method of perovskite films. The efficiency is attributed
to the defects in film coverage, the homogeneity and the smooth-
ness of each functional layer that increasingly affect the extraction
and transmission of photogenerated carriers as the effective
area of the device is enlarged. Therefore, the industrialization
of large-area devices for PSCs is a problem that needs to be

solved as soon as possible. Future research should focus on the
interface-modification methods and materials applicable to
large-area devices.

Last but not least, interfacial modification materials need
to meet not only the requirements of improving the device
performance but also the impact on the operator and the
environment. In the future development of PSCs, materials
with environmental and recyclable properties, e.g., being bio-
degradable or naturally degradable, should be developed
further. Overall, the interface engineering of PSCs will proceed
toward finding effective material systems and processing meth-
ods that will completely eradicate defects as well as providing
stabilization of the perovskite surface stress. It is predicted that
interface engineering will contribute significantly to the future
commercialization of PSCs.
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