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Abstract

Perovskite solar cells (PSCs) have attracted much attention due to their low-cost fabrication and high power
conversion efficiency (PCE). However, the long-term stability issues of PSCs remain a significant bottleneck impeding
their commercialization. Inverted PSCs with a p-i-n architecture are being actively researched due to their concurrent
good stability and decent efficiency. In particular, the PCE of inverted PSCs has improved significantly in recent years
and is now almost approaching that of n-i-p PSCs. This review summarizes recent progress in the development of
high-efficiency inverted PSCs, including the development of perovskite compositions, fabrication methods, and
counter electrode materials (CEMs). Notably, we highlight the development of charge transport materials (CTMs) and
the effects of defect passivation strategies on the performance of inverted PSCs. Finally, we discuss the remaining

issues and perspectives of high-efficiency inverted PSCs.

Introduction

Perovskite solar cells (PSCs) have attracted extensive
research attention due to their excellent photoelectric
properties and low-cost fabrication. The power conver-
sion efficiency (PCE) of PSCs has increased to an
impressive value of 25.7% after more than ten years of
development'. PSCs are a new-generation photovoltaic
technology whose efficiency is quickly increasing, indi-
cating their potential for subverting the photovoltaic
market. PSCs with a certified efficiency exceeding 25%
have n-i-p structures”™*, which are categorized into
mesoporous and regular structures (Fig. 1). The difference
between the two structures is that the former collects the
carriers generated in a perovskite layer. In the early stage
of PSC development, most PSCs were designed with a
dense TiO, layer with an additional mesoporous TiO,
layer as an electron transport material (ETM)>, requiring
high-temperature processing, and the corresponding

Correspondence: Vasudevan P. Biju (biju@es.hokudai.acjp) or

Yabing Qi (Yabing.Qi@OIST.jp) or Zonghao Liu (liuzonghao@hust.edu.cn)
'Wuhan National Laboratory for Optoelectronics (WNLO), Huazhong University
of Science and Technology (HUST), Wuhan, China

“Research Institute for Electronic Science, Hokkaido University, Sapporo,
Hokkaido, Japan

Full list of author information is available at the end of the article

© The Author(s) 2023

devices showed high hysteresis. These drawbacks
increased the fabrication cost of mesoporous PSCs and
hindered their further development. Then in the later
stage of PSC development, SnO, with excellent photo-
electric properties prepared by a low-temperature process
was used as an ETM to produce PSCs with better per-
formance’™'°. The world record for PSC efficiency was
achieved with a PSC based on a SnO,-based regular
structure>~*°, However, regular PSCs still face the pro-
blems of high hysteresis and insufficient stability'"'*. In
particular, hygroscopic lithium salt-doped 2,2,7,7-tetra-
kis[N,N-bis(p-methoxyphenyl)amino]-9,9’-spirobi-
fluorene (spiro-OMeTAD) as the hole-transport layer in
PSCs with record efficiencies is not sufficiently stable,
which essentially limits the long-term stability of the
corresponding devices'*'*,

In contrast, PSCs based on inverted (p-i-n) planar
structures (Fig. 1c) using intrinsically stable electron
charge transport layers, such as [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) or Cg, and stable metal elec-
trodes have demonstrated good stability, low hysteresis,
and competitive efficiency, making p-i-n PSCs a promis-
ing architecture for future practical applications®~>°,
Moreover, p-i-n PSCs are also promising for use in
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Fig. 1 Device structures of PSCs. a Mesoporous structure. b Regular n—i-p structure. ¢ Planar p—i-n (inverted) structure.

Counter electrode

tandem solar cells***. However, there is still a gap
between inverted PSCs and regular PSCs in terms of
efficiency. Therefore, most studies on inverted PSCs in
the past decade have focused on improving their PCE.

Figure 2 shows the key progress in research on the
efficiency of inverted PSCs. The first inverted PSC was
reported in 2013 with an efficiency of 3.9%>. Two years
later, the first 1 cm? inverted PSC with a record PCE of
15% was reported and showed excellent light stability for
over 1000 h**, which triggered an upsurge in research on
improving the efficiency of inverted PSCs. After several
years of development, the certified PCE of inverted PSCs
exceeded 22% in 2020 for the first time*. Subsequently,
the certified PCE of inverted PSCs surpassed 23%, 24%,
and 25% in 2022'°"'". Moreover, inverted perovskite
mini-modules achieved certified PCEs of 19.2% with an
aperture area of 50 cm? in 2021 and 21.07% with an
aperture area of 12.84 cm® in 2022°*, which are
approaching the record efficiency of regular mini-
modules®®. Note that inverted PSCs could maintain 95%
of their initial efficiency after over 1000 h under damp-
heat test conditions recently stipulated by the standards
of IEC 61215:2016'®%°, The above progress fully illus-
trates that inverted PSCs have more advantages in fab-
ricating efficient and stable small-area PSCs and large-
area modules, which means that inverted PSCs have more
potential for industrialization. Detailed performance
parameters of representative inverted PSCs are sum-
marized in Table 1.

We focus on the recent progress in high-efficiency
inverted PSC research. The rapid increases in the effi-
ciency and stability of inverted PSCs prompted us to
summarize their current progress, including the devel-
opment of perovskite compositions, fabrication methods,
and counter electrode materials (CEMs). In particular, we
highlight the development of charge transport materials
and the effects of defect passivation strategies on the
performance of inverted PSCs. Finally, we provide con-
clusions and insights regarding stability and efficiency in
terms of reducing the cost of materials and realizing the
commercialization of inverted PSCs.

Perovskite compositions and fabrication methods

As the light-absorbing layer, a perovskite film has an
important impact on the performance of inverted PSCs. A
compact and uniform perovskite film is the key require-
ment for preventing undesirable contact between the
upper and lower charge transport layers (CTLs). Addi-
tionally, high-quality films are essential for reducing
interfacial nonradiative recombination due to defects and
interface mismatch energy levels, which severely limit the
open circuit voltage (Voc) and fill factor (FF) values of
PSCs**3°. Considerable efforts have been made to
improve perovskite films quality, including fabrication
method optimization, band gap tuning, and defect passi-
vation. The PCE of PSCs containing an appropriate-band-
gap perovskite is expected to exceed 30% based on the
Schottky-Queisser (S-Q) limit®', which can be achieved by
adjusting the perovskite composition. The perovskites of
high-efficiency inverted PSCs have changed from the
initial methylammonium lead iodide (CH3NH;3Pbl;,
MAPDI;) to formamidinium (FA)-based perovskites,
including double-cation (FAMA) perovskite, triple-cation
(cesium (Cs)FAMA) mixed-halide perovskite, and FA-Cs
mixed-cation perovskites®~>°, The fabrication methods
of perovskite films have also changed to accommodate
these different perovskite compositions. Currently, the
mainstream method for fabricating inverted PSCs is a
one-step method that readily provides dense and uniform
high-quality perovskite films®*~*, The two-step solution
method commonly used for regular PSCs is not suitable
for inverted perovskite films because the complete con-
version of Pbl, into perovskite is strongly dependent on
the fabrication conditions. The resulting perovskite films
are usually very rough, making it difficult for a thin PCBM
or Cgg layer to fully cover the bottom perovskite layer and
thus leading to serious charge carrier loss®”. Different
from those used to fabricate lab-scale small-area cells,
scalable fabrication methods, such as vacuum deposition,
blade coating, and slot-die coating, are usually used to
fabricate large-area perovskite solar modules**™**. This
section summarizes the perovskite compositions and
fabrication methods of high-efficiency inverted PSCs.
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Fig. 2 Efficiency evolution of inverted PSCs reported in representative works. Reproduced with permission from Ref. 2>, Copyright 2014, Wiley-
VCH. Reproduced with permission from Ref. >*. Copyright 2015, American Association for the Advancement of Science. Reproduced with permission
from Ref. '*’. Copyright 2016, Nature Publishing Group. Reproduced with permission from Ref. *®. Copyright 2017, Nature Publishing Group.
Reproduced with permission from Ref. '°®. Copyright 2018, Nature Publishing Group. Reproduced with permission from Ref. '*°. Copyright 2019,
Wiley-VCH. Reproduced with permission from Ref. ?°. Copyright 2020, Nature Publishing Group. Reproduced with permission from Ref. '%. Copyright
2021, American Association for the Advancement of Science. Reproduced with permission from Ref. '®. Copyright 2022, American Association for the
Advancement of Science. Reproduced with permission from Ref. /. Copyright 2022, Nature Publishing Group. Reproduced with permission from
Ref. 8. Copyright 2022, American Association for the Advancement of Science. Reproduced with permission from Ref. '°. Copyright 2022, Nature
Publishing Group.

Unless otherwise stated, the perovskite compositions instability*®, including its volatility and intrinsic instability
discussed in this review are all lead-based perovskite caused by reversible/irreversible decomposition reactions

compositions. even at low temperatures®>. The FA cation exhibits better
thermal stability because of its stronger hydrogen bonding

Development of perovskite compositions with PbXg octahedra than the MA cation. It initiates a
The most popular perovskite composition in early —reversible decomposition reaction below 85°C**** and

inverted PSCs was MAPbI;. However, MAPbI; is not has gradually become the main cation in almost all high-
suitable for practical application due to its thermal performance inverted PSCs. Researchers found that the
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Summary of the solar cell performance parameters reported in representative studies on inverted PSCs (note that perovskite is abbreviated as PVK).

Table 1

References

PCE (%)

FF (%)

Jsc (mA cm™?)

Voc (V)

Device structure Active area (cm?)

Perovskite
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210
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82

2224
235
24.1

159
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108

234

836

239
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829

248

2391

8346
8232

24.90
25.68
26.10

250

2537

83.82

1.017

FTO/NiMgLiO/PVK/PCBM/Ti(Nb)O,/Ag

MAPbI;

1.022
0.0716
1.018
0.04
0.1

FTO/NiMgLiO/PVK:PCBM/PCBM/Ti(Nb)O,/Ag

MAPDI,

TO/PTAA/PVK/Choline chloride/Ceo/BCP/Cu
TO/PTAA/PFEN-P2/PVK/LIF/Ceo/BCP/Cu

TO/NIO,/PVK/Choline chloride/Cgo/BCP/Ag

TO/PTAA/PVK/Ceo/BCP/Cu
TO/PTAA/PVK/Ceo/BCP/Ag

0.073
0.09

TO/P3CT-N/PVK/PCBM/Coo/ TPBI/CU

0.053
0.08

0.1

TO/NiO,/PVK/3F-PEAI/PCBM/BCP/Ag
TO/PTAA/PVK/FcTc,/Ceo/BCP/Ag

12

TO/MeO-2PACZ/PVK/3-APy/LiF/Ceo/BCP/Ag
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MAo8sDMAg 11Pbl3
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Cs005(FA0.0sMAG05)005PP(l0.95Bro.0s)3
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PFN-P2 poly[(9,9-bis(30-((N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-fluorene)-alt-2,7- (9,9-dioctylfluorene)] dibromide, 3F-PEAI 3-fluoro-phenethylammonium, P3CT-N Poly[3-(4-carboxylatebutyl)thiophene]- CH3NH,.

Page 4 of 28

short circuit current (/sc) could be increased by replacing
MA™" with FA" in perovskites for inverted PSCs because
FA™ could narrow the band gap and expand the absorp-
tion range of perovskite films***’. Huang et al. partially
replaced MA with FA to obtain FAygsMAq5P-
b(Ips5Bro15)s as the light-absorbing layer, and the Jsc of
the corresponding PSC was approximately 1 mA cm™ 2
higher than that of the MAPbIs-based PSC*®, thereby
improving the device performance. In addition, Zhu et al.
systematically compared the effects of different perovskite
compositions on device performance. They found that the
Jsc of FA-based PSCs was significantly higher than that of
MA-based PSCs (25.38 versus 23.26 mA cm ™ 2)'8. Fur-
thermore, when MA™ was partly replaced with Cs*, Cs™
effectively controlled the crystallization rate by increasing
the entropy of crystallization, thereby improving the
perovskite film quality*”. In addition, researchers proved
that the size mismatch between Cs™ and FA™" induced
chemical pressure and lattice strain, resulting in octahe-
dral tilting and stronger N —H--I hydrogen bonding
between FA' and I, which reduced the vibrational
intensity and improved the thermal stability of the per-
ovskite structure®®”’.

Moreover, to approach the ideal band gap of 1.34eV
according to the S-Q limit, commonly used perovskite
compositions have evolved from the initial MAPbI; to
double-cation FAMA or FACs, triple-cation CsMAFA,
and quadruple-cation (rubidium-(Rb)-CsMAFA,
CsFAMA-guanidinium  (GUA)'>*% -based  perovskites.
Pure FAPbDI; has an ideal narrow band gap. FA, which has
been successfully applied in regular PSCs, is the largest
organic cation suitable for the three-dimensional (3D)
perovskite crystal structures that are widely used as light-
absorbing layers in high-efficiency regular PSCs**. How-
ever, pure FAPDI; is rarely used as a photoactive layer in
inverted PSCs due to its intrinsic poor phase stability and
the difficulty of crystallizing a-FAPbI;. Therefore, various
effective strategies have been reported for stabilizing the
black phase of FAPbI; and improving the crystallinity and
morphology of perovskite films®***, In these strategies,
methylammonium chloride (MACI) is the most com-
monly used additive for achieving high-quality black-
phase FAPbI; crystallization via the formation of an
intermediate phase and has been successfully applied to
improve the efficiency of regular-structure devices>” "’.
However, it was reported that the optimal annealing
temperature of FAPbI; in commonly used hole-transport
materials for inverted PSCs is lower than that of regular-
structured PSCs (150 °C), which is not the ideal annealing
temperature of FAPbI;*®. In addition, residual additive
destabilizes the film and can form a nonradiative recom-
bination center in the final FAPbI; film®*°°, Although the
efficiency of inverted PSCs with FAPbI; based on self-
assembled monolayers (SAMs) slightly exceeded 22%%, it
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still lags behind inverted PSCs with quadruple cations or
triple cations as the perovskite active layer (PCE >
25%)'%1°. Therefore, compared with double cations or
triple cations, FAPbI3 is not competitive as the photo-
active layer in terms of the difficulty of fabricating per-
ovskite films and the lower efficiency and stability of the
final device.

Development of perovskite fabrication methods

A compact, uniform, and high-quality perovskite film is
the key requirement for preventing current leakage gen-
erated by undesirable contact between the ETMs and the
hole transport materials (HTMs) and facilitating efficient
charge generation and collection. Fabrication methods
can affect the film quality and device performance. It is
crucial to select suitable film fabrication methods for
obtaining high-efficiency PSCs. A myriad of film fabrica-
tion methods have been used for inverted PSCs. The
following section elucidates four commonly used fabri-
cation methods for high-efficiency inverted PSCs.

Vacuum deposition

During vacuum deposition, the precursor materials are
thermally evaporated and then reacted to form perovskite
films on a substrate. Regardless of the wettability of the
substrate surface, the vacuum deposition method ensures
the fabrication of conformal, dense, and uniform per-
ovskite films®®. Compared with the advantages of the
solution method, another key advantage of vacuum
deposition is the accurate control over the film thickness
and morphology required to provide sufficient spatial
performance uniformity even for large-scale PSC mod-
ules. For example, Bolink et al. systematically studied the
effect of perovskite film thickness on the performance of
inverted PSCs and achieved an efficiency of 16.5% without
hysteresis with a 500 nm-thick MAPbI; layer®'. In addi-
tion, Stranks et al. reported a multisource vacuum
deposition  method for obtaining  high-quality
FA,Csp3Pb(IgoBrg1)s perovskite films with good film
morphology and photoelectric properties, which enabled
them to control the addition of excessive Pbl, during
vacuum deposition and achieve a stable power output
efficiency of 18.2% for their inverted PSCs®. In addition
to obtaining perovskite films by vacuum deposition, Park
et al. deposited an n-butylammonium bromide (BABr)-
based passivation layer at the perovskite/PCBM interface
by vacuum deposition. They achieved an impressive effi-
ciency of 21.4% for their inverted PSCs®.

Although vacuum deposition has been successfully
applied, high energy consumption, high cost, complexity,
and low raw material utilization are a few factors limiting
its wide use in practical manufacturing processes. More-
over, the crystalline quality of perovskite films fabricated
by vacuum deposition is still insufficient. Compared to
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vacuum deposition, the two-step, and one-step solution
methods exhibit advantages such as simple and low-cost
fabrication. These methods are discussed in the following
section.

Two-step solution method

The two-step solution method, which allows more
flexible modulation of perovskite crystallization than the
one-step method, has been intensively studied for regular
PSCs. It is easier to control the growth of a single com-
ponent in the perovskite precursor than it is to control
that of multiple components®*. When the two-step solu-
tion method is used to fabricate a planar structure, Pbl,
tends to form a dense film. The subsequent organic cation
solution has difficulty penetrating the Pbl, film and
usually only reacts with the surface of the Pbl, film,
resulting in residual Pbl, in the final perovskite film.
Excess Pbl, positively reduces interfacial charge recom-
bination in regular PSCs, and recent studies have also
revealed that excess Pbl, is detrimental to the long-term
stability of PSCs. In addition, the photolysis of excess Pbl,
into metallic Pb and I, under light illumination increases
the charge transfer resistance of inverted PSCs. Therefore,
achieving the full conversion of Pbl, to perovskite is the
main challenge of the “two-step” method for inverted
PSCs. To solve this problem, Huang et al. improved the
traditional two-step method for inverted PSCs (Fig. 3a)%.
In brief, an MAI solution was spin-coated on top of the
Pbl, layer to form stacked films. MAI diffused into and
reacted with Pbl, to form MAPbI; during the thermal
annealing process. The full conversion of Pbl, to per-
ovskite was achieved by precisely controlling the thickness
of the films. With the help of solvent annealing, this
method produced high-quality perovskite films with lar-
ger grain sizes. The resulting PSCs achieved a high effi-
ciency of 15.6% with a high FF of 77.5%. Around the same
time, Wu et al. reported that the addition of a small
amount of H,O into Pbl,/dimethylformamide (DMF)
solution produced high-quality Pbl, films (Fig. 3b). The
Pbl, film prepared from Pbl,/DMF containing 2 wt%
water (denoted as Pbl,-2) was a smooth and continuous
film with full coverage®®. The Pbl,-2-based perovskite
films fabricated by the two-step method were compact
and smooth without pinholes. Consequently, the corre-
sponding champion cell achieved an impressive PCE of
18% with a remarkable FF of 0.85. They also used DMF
vapor post-treatment in the perovskite annealing process
and obtained high-quality perovskite films with large
grain sizes, which enlarged the shunt resistance and
suppressed carrier recombination at the interfaces,
resulting in high Jsc and Vo values. Consequently, the
corresponding champion inverted PSC exhibited a
remarkably high efficiency of 20.1%%’. Currently, inverted
PSCs based on the two-step method have a record PCE of
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Fig. 3 Two-step solution method fabrication and optimization. a Schematic illustration of the interdiffusion in the spin-stacking of double layers
of Pbl, and MAI and solvent annealing process. Reproduced with permission from Ref. ©. Copyright 2014, Wiley-VCH. b SEM images of Pbl, films
fabricated from Pbl,/DMF solutions with different H,O contents. Reproduced with permission from Ref. ©”. Copyright 2015, Royal Society of
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22.5%°®, which is still significantly lower than the best
PCE reported for inverted PSCs (a PCE of 25.37%) based
on the one-step method'’.

Compared with the two-step method, the one-step
method for fabricating perovskite films has become the
mainstream method for fabricating high-efficiency inver-
ted PSCs, possibly because (1) the conversion of Pbl, into
perovskite is inefficient in the two-step method, especially
when the humidity in the ambient air is hard to control®’,
and (2) the perovskite films fabricated by the two-step
method usually exhibit roughness on the order of tens of
nanometers. Although approximately 200nm spiro-
OMeTAD is not sensitive to such a large roughness,
such films cannot be well covered by a thin PCBM or Ceo
layer with an approximately 30 nm thickness. The thick-
ness of the PCBM or Cg layer seriously affects the pho-
toelectric performance of inverted PSCs. The FF of a PSC
decreases sharply with increasing PCBM or Cg thickness,

indicating that a thin ETL is critical for reducing series
resistance and promoting charge extraction®>°>”°, Hence,
a flat perovskite surface is crucial for attaining a thin ETL
in high-efficiency inverted PSCs. The one-step method
meets this demand, which is discussed in the following
section.

One-step solution method

Similar to regular PSCs, for inverted PSCs, the one-step
solution method is the most widely used perovskite
deposition method. In this method, a perovskite precursor
solution consisting of metal halide and organic ammo-
nium salt in an appropriate solvent is deposited onto the
substrate directly. Generally, the one-step solution
method based on spin coating requires an antisolvent
extraction step for high-efficiency PSCs. Briefly, anti-
solvent extraction is a fabrication process whereby an
antisolvent is dropped onto a spinning perovskite
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precursor solution prepared by the one-step method to
rapidly remove the solvent, which results in the instant
growth of perovskites without the formation of any
intermediate species’’. The basic function of the anti-
solvent is to quickly remove excess solvents and quickly
create numerous crystal nuclei for forming the ammo-
nium halide-Pbl,-perovskite solvent phase, leading to
homogeneous and smooth perovskite films’>, Note that
the antisolvent is a solvent that has good compatibility
with the perovskite precursor solvent but poor solubility
for the perovskite, such as chlorobenzene (CB), ethyl
acetate (EA), and toluene (TL). A suitable antisolvent is
crucial to obtaining quality perovskite films. Wu et al.
systematically studied the effect of several antisolvents on
the morphology of perovskite films, including TL, CB,
chloroform (CF), dichlorobenzene (DCB), and isopropyl
alcohol (IPA)*’. As shown in Fig. 4a, compared with that
treated with other antisolvents, the perovskite film treated
with TL had a better morphology with large grains since
toluene, which has a low dielectric constant, pushed the
perovskite precursor into the metastable zone rather than
the supersaturation zone (CF, CB, DCB, or IPA) during
dropwise addition. In contrast, when the perovskite pre-
cursors were treated with other antisolvents (CF, CB, or
DCB), the colors of the perovskite layer were brown or
light brown, which indicated higher nucleation rates than
crystal growth rates during antisolvent treatment, thereby
producing smaller grain sizes.

In addition to solvent selection, the duration (Af) of the
application of antisolvent also has an important influence on
the morphology of perovskite films’®. To investigate the
effect of the extrusion rates and duration of the antisolvent
application step, Vaynzof et al. prepared perovskite films via
14 different antisolvents by manipulating the antisolvent
application rate (Fig. 4b, ). They found that the slow or
fast application of an antisolvent depends on the solubility of
organic iodides in the antisolvent and the miscibility of an
antisolvent with perovskite host solvents. As shown in Fig.
4d, Type I antisolvents resulted in a well-mixed and clear
solution, indicating that a considerable amount of the
organic halides in the DMEDMSO host solvent was
removed by the slow application of antisolvents, leaving
higher amounts of Pbl, on the perovskite surfaces, thereby
reducing the perovskite film quality. Type II antisolvents
exhibited low solubility for organics. However, they were still
miscible with the host solvent, leaving the perovskite films
fabricated by Type II antisolvents unaffected by the duration
of antisolvent application, as these antisolvents only
removed the host solvent while leaving the perovskite
composition intact. For Type III antisolvents, liquid phase
separation in combination with a yellowish color change was
observed, likely caused by the immiscibility of the solvents.
There is inadequate time for the host solvent to diffuse
across the liquid-liquid interface into the antisolvent when
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they are applied quickly, resulting in rough films. Based on
the influence of the above antisolvents on device perfor-
mance and the controlled application rate for each anti-
solvent, high-quality perovskite films and high-performance
inverted PSCs with PCEs over 21% were obtained. To date,
the PCE of inverted PSCs based on the one-step solution
method with antisolvents has reached an astonishing value
of over 25%'°, further narrowing the efficiency gap between
inverted PSCs and regular PSCs. In addition to the anti-
solvent method, gas-assisted treatment, and vacuum
flash—assisted processes have also been used to produce
high-quality perovskite films based on similar perovskite
nucleation and growth mechanisms’*””,

Other methods

The above fabrication methods have been successfully
applied for small-area PSCs, which are generally based on
spin-coating. However, this approach might not be sui-
table for scale-up and commercialization due to the
centrifugal force required to rapidly remove the solvents
(such as DMSO or DMF) while the substrate is rotated at
high speed and difficulties in the antisolvent dropping
process’®, which usually leads to poor-quality large-area
perovskite films with rough surfaces and pinholes. Hence,
the properties of the solvents are crucial because the
drying process is expected to be the rate-determining step
for the crystallization of the perovskite phase’”. Therefore,
developing precursor solvents and new fabrication
methods is key for producing high-quality large-area
perovskite films. In this regard, scalable fabrication
methods, such as blade and slot-die coating, have
emerged and are most widely used for inverted PSCs and
modules’®””, However, these fabrication methods for
large-area perovskite films also face difficulties, such as in
controlling the nucleation and growth rate of perovskite
crystals’”’®, Rapid crystallization at low temperatures
usually leads to undesirable perovskite films with low
crystallinity, high defect density, and small grain size,
impairing PSC efficiency and stability. A slower and/or
higher temperature process is generally employed to grow
perovskite films with high crystallinity and large grain
sizes’®. Therefore, a balance between the low crystallinity
caused by rapid deposition and the need for high crys-
tallinity with large grains is essential for high efficiency
and stable PSCs. To this end, Huang et al. mixed highly
volatile 2-methoxyethanol (2-ME) and acetonitrile (ACN)
as substitutes for DMF. They mixed them with the low-
volatility-coordinating solvent DMSO in a particular
proportion to obtain a solution that served as the solvent
of the perovskite precursor for blade coating (Fig. 5a)”".
The coordination ability of the solution/solid mixture
with DMSO increased until DMSO was evaporated from
the as-coated films because DMSO evaporates much
more slowly than other solvents. The rate of solvent
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evaporation affects the solid film formation and per-
ovskite crystallization processes in blade coating, resulting
in the production of large grain sizes when rapidly drying
perovskite films at room temperature (Fig. 5b). Based on
this strategy, large-area and uniform perovskite films were
successfully obtained at an ultrafast speed of 99 mms ™'
and room temperature. This method resulted in an
increase in the efficiency of an inverted perovskite solar
module by 16% for an aperture area of over 60 cm”. In
their later research, a steady-state certified efficiency of
19.2% with an aperture area of 50.0 cm? was achieved for
perovskite modules by blade coating®

Similar to blade coating, slot-die coating is also widely
used to fabricate high-quality large-area MAPbI; per-
ovskite films®® for perovskite solar modules with

impressive device performance®’. However, the volatile
properties and thermal decomposition limit the device’s
long-term stability®®. Hence, it is better to develop mod-
ules with FACs perovskites to meet commercialization
requirements, due to their excellent thermal stability.
However, FACs-based perovskite modules prepared by
slot-die coating are rarely reported, which is due to the
complexity of the nucleation and crystallization caused by
the presence of various halogen ions and the solubility of
Cs™ precursors®”. To this end, Chen et al. employed a
nonvolatile Lewis base additive, diphenyl sulfoxide
(DPSO), to form DMF-N-methyl-2-pyrrolidinone (NMP)-
DPSO perovskite ink for a FACs perovskite. DPSO was
used to enhance the nucleation energy barrier and effec-
tively retard the natural nucleation of perovskite during
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Table 2 Summary of the perovskite composition, module structure, efficiency, and perovskite film deposition method
of representative inverted perovskite solar modules (note that perovskite is abbreviated as PVK, and this table only
includes data from studies on inverted perovskite solar modules with a total area larger than 10 cm?).

Perovskite Module structure

(em?)

Area

PCE (%) Perovskite film References

deposition method

Cs0.05(FA0sMAG 1)0.9sPb(logBro1)s  ITO/NIO/PTAA/PVK/PCBM/BCP/Ag

19.16% 157

Slot-die coating 160

C50.05(FAGoMAG1)00sPblgoBro)s  FTO/NIO,/PTAA/ALO5/PVK/PEAI/ 11.2%¢ 16.9 Spin coating 161
PCBM/BCP/ALD-Sn0,/Ag

(FA0.95MA 05)Pb(l0.05Bro.0s) [TO/PTAA/PVK/PCBM/BCP/Ag 17.11% 17.8 (certified) Vacuum Flash-assisted processing '®?

MAPbI5 ITO/P3HT-COOH/PVK/PCBM/PEI/AG, 366 16.06 Spin coating 163

MAPbI; ITO/NIO,/PVK/PCBM/BCP/Ag 25.0°° 16.12 Meniscus-coating 164

FAo02CS00sPbl5 ITO/PTAA/PVK/Cqo/BCP/Cu 29.5% 186 (certified) Blade coating 165

MA7FAq3PbI3 [TO/PTAA/PVK/Cgo/BCP/Cu 63.7% 164 (certified) Blade coating 78

FA053Cs017Pblog3Bro.7 FTO/NIMgLIO/PVK/LIF/Ceo/BCP/Bi/AG  20.77° 16.63 Slot-die coating 7
(certified)

MAo6FAg4PbI; ITO/PTAA/PVK/Coo/BCP/Cu 50.0° 19.2 (certified) Blade coating 2

C50,05(FA0sMAG1)005Pb(looBro)s  ITO/PTAA/ALOS/PVK/Ceo/SNO5/AG 12.84%° 2107 Spin coating 2
(certified)

ac active area, ap aperture area, da designated area (active area + dead area for interconnections), P3HT-COOH poly[3-(6-carboxyhexyl) thiophene-2,5-diyl], PEI

polyethylenimine.

the slot-die coating process to obtain high-coverage wet
films. The wet films were immersed in the less toxic
antisolvent n-hexane for extraction. Consequently, the
DMEF-NMP-DPSO precursor produced compact and
uniform perovskite films within 8 min (Fig. 5c). The
resulting inverted perovskite solar modules achieved a
certified quasi-stabilized efficiency of 16.63% with an
active area of 20.77 cm”. These advancements show that
solvent selection is crucial for obtaining quality perovskite
modules. Hence, it is imperative to develop perovskite
solutions to adjust the nucleation and growth of per-
ovskite crystals to fabricate high-quality large-area per-
ovskite films (50 cm?) for commercialization. The results
of recent studies on representative inverted perovskite
solar modules are summarized in Table 2.

Charge transport materials (CTMs)

CTMs (i.e., HTMs and ETMs) determine the separation
and transport of carriers in PSCs and have an important
impact on device performance. In inverted PSCs, HTMs
are often used between the transparent conductive oxide
(TCO) and the perovskite layer, while ETMs are generally
deposited on the perovskite layer. The basic function of
the HTMs (ETMs) is to enhance the extraction rate of
photogenerated holes (electrons) and prevent electrons
(holes) from transferring from the perovskite conduction
band minimum (CBM) (valence band maximum, VBM) to
the TCO (CEMs). With proper energy level alignment
between the CTMs and a perovskite, photogenerated

carriers can be effectively separated through the built-in
electric field at the two interfaces, suppressing non-
radiative recombination in inverted PSCs***°. Therefore,
CTMs with excellent photoelectric properties are critical
for obtaining efficient and stable inverted PSCs.

HTMs

As “window materials”, HTMs greatly influence the
efficiency and stability of inverted PSCs. Generally, HTMs
have the following features: i) high optical transmittance
to prevent the waste of photon energy in HTMs; ii) sui-
table energy level structures, that is, the highest occupied
molecular orbital (HOMO) energy level of HTMs must be
aligned with the VBM of perovskite, which is conducive to
reducing interfacial nonradiative recombination; iii) high
hole mobility, which reduces the transport resistance of
inverted PSCs and seriously affects the device perfor-
mance; iii) compatibility with perovskite precursors, i.e.,
they cannot be dissolved by the solvent of perovskite
precursors, nor can they interact with the components of
perovskite; and iv) suitable film-forming properties, which
are conducive to forming high-quality thin films. The
HTMs in inverted PSCs can be roughly classified into
inorganic and organic HTMs.

Organic HTMs

Organic HTMs are widely used in inverted PSCs because
they are suitable for low-temperature solution processes,
and their properties can be finely tuned through molecular
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design. We classify organic HTMs into polymer HTMs
and the burgeoning class of small-molecule HTMs
according to their molecular weight.

Common polymer HTMs for inverted PSCs are
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), poly(N,N-bis(4-butylphenyl)-N,N’-bis(phe-
nyl)benzidine) (poly-TPD), poly(bis(4-phenyl) (2,4,6-tri-
methylphenyl) amine (PTAA), etc. However, PEDOT:PSS is
faced with the problems of the mismatch between the
energy levels of perovskites and the high acidity of the PSS
chain®*®**, Poly-TPD has the problems of non-wettability
and high cost®™. Inverted PSCs based on these two HTMs
have an insufficient efficiency that limits their application in
high-efficiency inverted devices.

PTAA also has the disadvantages of non-wettability and
high cost, similar to poly-TPD. However, due to its more
suitable energy level alignment with the perovskite layer,
excellent conductivity, and chemical neutrality with high
optical transmittance™, it has been successfully applied to
improve the efficiency of inverted PSCs. Currently, the
efficiency of inverted PSCs based on PTAA has increased
beyond 25%'®'°. In early studies, most of the literature
reported that PTAA showed relatively low hole mobility,
which needed to be improved by chemical doping®”®,
Among the many dopants used, the most common dopant
is 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-
TCNQ). In 2015, Huang et al. first reported highly efficient
solution-processed inverted PSCs using F4-TCNQ-doped
PTAA as the HTM®, which significantly reduced the series
resistance of the PTAA and promoted charge transfer.
Consequently, the inverted PSCs had a high efficiency of
17.5% with a Voc of 1.09 V. This report quickly attracted
extensive attention. Afterwards, F4-TCNQ was widely used
to dope PTAA for high-efficiency inverted PSCs. However,
this dopant is very expensive, and the doping additive
increases the complexity of the device fabrication process.
To this end, Zhang et al. selected PTAAs with different
molecular weights (MW) to study the surface properties of
these PTAAs and their different effects on the upper per-
ovskite films™. It was found that the performance of PTAA
with a molecular weight of 25000 was the best, producing a
record efficiency of 18.11% with negligible hysteresis, which
indicated that the inverted PSCs based on non-doped PTAA
could also exhibit excellent performance.

It should be noted that the surface of PTAA is hydro-
phobic, making it difficult to obtain continuous and compact
perovskite films®. The pre-wetting method using DMF/
DMSO solvents is also beneficial for alleviating the problems
caused by the non-wettability of the PTAA surface®
However, the effect of this method on improving wettability
is not obvious because most DMF/DMSO solvents evapo-
rate quickly during the rapid spin-coating process, leaving
only a thin but discontinuous DMF/DMSO layer on
PTAA®. To this end, Wolf et al. replaced DMSO with NMP
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to form a DMF/NMP co-solvent system to enhance the
wettability of perovskite precursor inks on PTAA®. As
shown in Fig. 6a, the binding energy of the MAPbI;-NMP
adduct (—0.728 eV) with PTAA was higher than that of
MAPbI3-DMSO (—0.174eV) and accompanied by a sig-
nificant decrease in the contact angle (27.1° versus 50.6°).
The improved wettability of perovskite precursor inks on
PTAA could inhibit the formation of micro- and nanoscale
pinholes, enabling uniform and compact films over large
areas. Consequently, the DMF/NMP ink-based inverted
devices achieved high PCEs of 21.5% (0.1 cm?) and 19.8%
(6.8 cm?), respectively. In addition, incorporating an inter-
layer is also an effective method for improving the wettability
of PTAA™**, For instance, Gong et al. introduced a novel
nondestructive hydrophilic group (C-O and C=O0) graft
buffer layer (HGGBL) on nonwettable PTAA for perovskite
formation by using ozone-treated PMMA-coated PTAA,
which decreased the surface potential of PTAA and
increased the affinity of the perovskite precursor solution
toward PTAA®*, Furthermore, the C=0 bond acted as a
Lewis base site to firmly bind PTAA with perovskite crystals.
Benefiting from these improvements, the PCEs of inverted
PSCs were markedly enhanced from 17.42% to 20.75%.

In addition to the conventional polymer HTMs, other
niche polymer-HTMs are also used to fabricate PSCs™.
Zhu et al. designed a new type of pyridine-based dopant-
free polymer HTM (PPY2)*°, which had better alignment
with perovskite energy levels and high hole mobility.
Additionally, pyridine effectively passivates uncoordinated
Pb?* and iodide defects (Fig. 6b). Based on these advan-
tages, the inverted PSCs using PPY2 as the HTM had an
encouraging PCE of up to 22.41% with a high V¢ of
1.16 V. Similarly, Wu et al. proposed PTAA-based poly-
mer HTMs fabricated through molecular engineering by
removing alkyl groups and adding multifunctional pyr-
idine units””. By altering the linking site on pyridine from
ortho- (0-PY) to meta- (m-PY) and para- (p-PY) positions,
the energy levels and surface wettability were gradually
improved. The obvious downfield shift of the proton-a
signal (from 8.58 to 8.62 ppm) for M-p in 'H NMR
measurements suggested that the N-Pb coordination was
highly related to the exposure of pyridine-nitrogen with a
lone electron pair (Fig. 6c), which was favorable for
effectively passivating the interfacial trap states. Ulti-
mately, the optimal p-PY HTM resulted in a remarkably
high PCE exceeding 22% (0.105 cm?) and a comparable
PCE of over 20% (1 cm?).

Although inverted PSCs using polymer HTMs have
achieved great PCEs, the high synthesis cost and hydro-
phobicity of polymers make the wet chemical deposition of
perovskite a great challenge, limiting the application and
commercialization of PSCs®>°%. On the other hand, small-
molecule HTMs have emerged owing to their well-defined
molecular mass and structure and photophysical
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Fig. 6 Typical organic HTMs for inverted PSCs. a Schematic diagram of the electrostatic potential and binding energy of MA™Pbl;~-DMF-PTAA
and MA"Pbl;~-DMSO-PTAA and contact angle measurements for precursor solutions of the corresponding solvents on a PTAA surface. Reproduced
with permission from Ref. 2. Copyright 2021, Elsevier. b Molecular design ideas for PPYs. Reproduced with permission from Ref.
Wiley-VCH. ¢ 'H NMR pattern of pyridine-based monomers with or without mixing with Pbl,. Reproduced with permission from Ref. *’. Copyright
2022, Wiley-VCH. d Schematic illustration of the energetic alignment between perovskite and the investigated HTMs. Reproduced with permission
from Ref. ', Copyright 2019, Royal Society of Chemistry. e Schematic diagram of the energy level alignment of DC-PA and DC-PA/IAHA. Reproduced
with permission from Ref. ', Copyright 2022, Wiley-VCH. f Schematic diagram of the optimal stacking mode and possible molecular organization
behavior of three SAMs on [TO substrate. g Schematic illustration of the energy levels of inverted devices based on three SAMs. Reproduced with

©. Copyright 2021,

properties™. In particular, SAMs provide opportunities for
fabricating inexpensive, scalable, and stable HTMs for
inverted PSCs due to their low cost, simple synthesis, and
relatively easy modification, indicating their promising
prospects for application in inverted PSCs and tandem
solar cells'”'°**°!, For example, Getautis et al. designed
V1036 as the SAM-HTM of inverted PSCs by simply
immersing the substrate in a mixed solution of V1036 and

butylphosphonic acid (C4), which binds to the surface of
indium tin oxide (ITO) due to its phosphonic acid
anchoring group, and achieved a PCE of 17.8% with an
average FF close to 80%'. In their follow-up study, they
designed new generation of SAMs: [2-(3,6-dimethoxy-9H-
carbazol-9-yl) ethyl] phosphonic acid (MeO-2PACz) and
[2-(9H-carbazol-9-yl)ethyl] phosphonic acid (2PACz)'*.
Compared with V1036, these SAM-based molecules
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showed better energy level alignment to the VBM of
perovskite (Fig. 6d), which greatly promoted carrier
transport at the interface and significantly reduced the
interfacial defects. In addition, a good passivation interface
was formed due to the chemical compatibility between
carbazole and perovskite, thereby suppressing non-
radiative recombination. As a result, the champion PCE of
the inverted PSCs based on these SAMs exceeded 21%,
with a V¢ of up to 1.19 V. Afterward, based on previous
research, they further designed a new type of SAM, [4-
(3,6-dimethyl-9H-carbazol-9-yl)butyl] phosphonic acid
(Me-4PACz), and fabricated perovskite/silicon tandem
solar cells with a certified efficiency exceeding 29%°'.
Recently, Jen et al. synthesized a new SAM with aligned
energy levels and favorable dipole moments, which was
based on MeO-2PACz, called ((2,7-dimethoxy-9H-carba-
zol-9-yl) methyl) phosphonic acid (DC-PA)'**. An alkyl
ammonium salt, IAHA, was introduced into the DC-PA
solution to form co-SAM. The HOMO energy level of co-
SAM was —5.37 eV (Fig. 6e), which is in good alignment
with the perovskite energy levels and thus reduced the
energy offset. The longer PL lifetime of the co-SAM-based
perovskite film suggested suppressed interfacial non-
radiative recombination. Benefiting from these advantages,
a champion inverted PSC with an excellent PCE of 23.59%
and improved device stability was realized.

In addition to these SAMs with a carbazole moiety as an
electron donor unit, researchers also developed small-
molecule HTMs with triphenylamine as an electron donor
moiety”®. Guo et al. synthesized a series of donor-acceptor
(D-A)-type SAMs (MPA-BT-CA, MPA-BT-BA, and
MPA-BT-RA) as HTMs for inverted PSCs'%. MPA-BT-
CA maintained much closer intermolecular stacking
(3.50 A) than the other two SAMs, which was favorable
for forming a denser and smoother monolayer film via
self-assembly (Fig. 6f), thus allowing high-quality per-
ovskite films to be obtained on the ITO/MPA-BT-CA
substrates. In addition, the HOMO energy levels of MPA-
BT-CA match better with the energy levels of perovskite
(Fig. 6g), which enhanced the internal electrical field and
boosted charge extraction. Consequently, the inverted
PSCs based on MPA-BT-CA achieved a remarkable PCE
of 21.81% with an impressive FF of 82%.

Instead of SAMs, small organic molecules have also
been used as high-performance HTMs”®'**'?7, Never-
theless, among small-organic-molecule HTMs, SAM-
HTMs are more commonly used because SAMs can
allow better interfacial energy level tuning and interface
recombination suppression, which greatly improves
device efficiency and stability. In particular, SAMs are
employed as the HTMs for perovskite/silicon tandem
devices and inverted PSCs with the highest efficiency'*".
For mainstream polymer HTMs, PTAA is commonly used
in high-efficiency inverted PSCs'®*>'%%, However, its non-
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wettable surface and high cost seriously limit its com-
mercial application. Compared with PTAA, small organic
molecules with comparable performance have the
advantages of simple synthesis and low cost. In addition,
SAMs are also outstanding when used in tandem solar
cells, which may be the main future development direc-
tion of perovskite photovoltaics. Hence, SAMs need to be
further developed to improve the efficiency of inverted
PSCs to rival that of regular PSCs?. In short, the vigorous
development of organic HTMs has greatly promoted the
efficiency and stability of inverted PSCs.

Inorganic HTMs

Due to their hydrophobicity, high cost of raw materials,
and potential degradation, organic HTMs for inverted PSCs
also face challenges, which limits the application and com-
mercialization of inverted PSCs. In contrast, inorganic
HTMs have attracted much attention due to their excellent
long-term stability and thermal stability'® "', Among
inorganic HTMs, nickel oxide (NiO,)-based metal oxides are
the most successful in inverted PSCs and have been widely
investigated due to their favorable energy level alignment
with most perovskite absorbers and excellent stability as well
as facile synthesis and deposition''”. Generally, stoichio-
metric NiO is insulating; therefore, the conductivity of NiO,
depends heavily on the intrinsic Ni vacancies (or self-doping
of Ni3+), which increases the series resistance of devices and
requires strict thickness manipulation. However, the hole
charge density of undoped NiO, is seriously affected due to
the large ionization energy of Ni vacancies, resulting in
comparatively low conductivity. To this end, metal cations,
such as Ag", Au™, Cu®*, Cs*, K', and certain molecules
were doped into NiO, to improve its conductivity and adjust
its energy level by tuning the concentration of Ni vacan-
cies™®™ . Han et al. developed a heavily p-doped (p")
NixMgyLi;.x-yO codoping strategy in which 15 mol% Mg>"
was doped in 5 mol% Li"-doped NiO, to compensate for the
unfavorable positive shift of its VBM caused by Li* doping
into the NiO, lattice (Fig. 7a)**. Accordingly, the con-
ductivity of the  LippsMgp1sNiggO  film  was
2.32x102Scm™, which was approximately 12 times
greater than that of the undoped sample, indicating the
notable reduction in the series resistance and increase in the
shunt resistance, which is advantageous for manufacturing
large-area (>1 cm?®) PSCs. As a result, a large-area (>1 cm?)
PSC with a high PCE of 16.2% (certified 15%), which was the
world record efficiency of large-area (>1 cm?) PSCs at that
time, was obtained. Later, He et al. developed copper-doped
NiO, (Cw:NiO) nanoparticle inks at room temperature (RT)
without further processing based on previous work''>, Cu™
and Cu®" states were observed for the Cu:NiO film. The
conductivity of the NiO, film was improved due to the
substitution of Cu® for Ni*", which improved the hole
mobility. In addition, the VBM of the CuNiO film
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Fig. 7 Key progress in research on the efficiency of inverted PSCs focused on improving the properties of NiO,. a Schematic diagram of the
calculated band edge positions of the investigated CTMs with respect to MAPbl; and PCBM. Reproduced with permission from Ref. **. Copyright
2015, American Association for the Advancement of Science. b Schematic illustration of the energy levels of an inverted device based on Cu:NiO,.
Reproduced with permission from Ref. '®. Copyright 2018, Wiley-VCH. ¢ Schematic illustration of the influence of molecular doping of FETCNNQ on
the band bending at a p-type doped NiO~perovskite interface. Reproduced with permission from Ref. ''®. Copyright 2018, Wiley-VCH. d Energy level
diagram of NiO, films without and with TCNQ, F2TCNQ, FATCNQ, and F2HCNQ. Reproduced with permission from Ref. ''°. Copyright 2020, Wiley-
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underwent a favorable negative shift (Fig. 7b), leading to  for the corresponding inverted PSCs. Similarly, He et al.
improved charge transfer and extraction at the buried proposed a molecule-doped NiO, that involved a strong
interface. Consequently, a PCE of up to 20.15% was achieved  electron acceptor, 2,2’-(perfluoronaphthalene-2,6-diylidene)
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dimalononitrile (F6TCNNQ), with a low lowest unoccupied
molecular orbital (LUMO, — 5.37eV)''8, The Eg of the
doped NiO, increased from —4.63 to —5.07eV and
decreased the energy level offset between the VBM of NiO,
and the perovskite absorber from 0.18 to 0.04 eV (Fig. 7c),
which greatly enhanced hole extraction and reduced inter-
facial nonradiative recombination. As a result, the best PCE
of inverted PSCs based on NiO, was as high as 20.86%.
Inspired by this method, Chen et al. systematically investi-
gated the effect of doping several molecules with high
electron affinity similar to that of FETCNNQ, including 3,6-
difluoro-2,5,7,7,8,8-hexacyanoquinodimethane (F2HCNQ),
FATCNQ, TCNQ and 2,5-difluoro-TCNQ (F2TCNQ), into
NiO,'". F2HCNQ exhibited the highest electron affinity
(EA), which enhanced the charge transfer from the VBM of
NiO, to the LUMO of the molecules. The increased W and
VB resulting from the high EA resulted in more suitable
energy level alignment at the NiO,/perovskite interfaces
(Fig. 7d), leading to fast interfacial hole extraction with lower
energy loss. Consequently, the efficiency of inverted PSCs
based on F2HCNQ-NiO, fabricated by a low-temperature
process exceeded 22% for the first time.

Even though inverted PSCs based on NiO, have yielded
great results, their record PCEs are still lower than those of
PTAA- or SAM-based PSCs, which can be attributed to
the following reasons: (1) abundant surface defects and
energy level mismatch result in large energy offset at the
NiO,/perovskite interface''”, which significantly aggra-
vates interfacial carrier recombination, thereby impeding
charge carrier extraction; (2) high-oxidative-state Ni** can
react with A-site cation salts to form Pbl, ,Br,, resulting in
the formation of A-site defects and Pbl, ,Br,-rich per-
ovskite at the NiO,/perovskite interface’*’, which results
in a hole extraction barrier and noncapacitive hysteresis;
and (3) light-induced deprotonation at the NiO,/per-
ovskite interface generates interfacial voids/vacancies and
causes the formation of shallow-level defects and strong
ion movement, thus leading to inferior efficiency'*"'**,
The inverted PSCs based on NiO,, which is the most
promising inorganic HTM, have yielded great results, with
a certified PCE of 23.91%'”. Many efforts have been made
to improve the efficiency and stability of inverted PSCs
based on NiO,, which is discussed later.

ETMs

As materials for electron selective contact, the ETMs on
top of perovskite films play an important role in high-
efficiency inverted PSCs. Well-known star ETMs, full-
erenes, and their derivatives (PCBM and Cg,) have been
extensively used in high-efficiency inverted PSCs due to
their high electron mobility and low-temperature proces-
sing'”™*°. Therefore, research on ETMs is more focused on
finding inorganic alternatives for double-layer ETMs to
improve the efficiency and stability of inverted PSCs due to
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their superior intrinsic stability to improve PCE and stability
at lower cost'>*'**, In this regard, Chen et al. introduced
low-cost cerium oxide (CeO,) nanocrystals as an inorganic
ETM'**, which exhibited promising high electron mobility
(10*> cm? kv s7!) and suitable energy level alignment for
efficient charge extraction (Fig. 8a). Consequently, inverted
PSCs with the configuration of NiMgLiO/MAPbI;/PCBM/
CeO, achieved a high efficiency of 18.7%. The resulting
PSCs also showed excellent stability, maintaining 91% of
their initial PCEs when kept in air with controlled humidity
(~30%) under continuous light immersion, due to the
special chemical shielding effect of the PCBM/CeO, bilayer
ETL. This configuration could prevent ambient moisture
from corroding the perovskite and prevent perovskite spe-
cies from corroding the Ag electrode (Fig. 8b). Similarly,
Troughton et al. used PCBM/Nb-doped TiO, as a multi-
layer ETM, which greatly improved the ohmic response of
the corresponding device with a structure of PCBM-Nb-
TiO,- bathocuproine (BCP)-Ag, indicated by the dramati-
cally reduced Vyg (Fig. 8¢c)'%, thereby enhancing the
electron mobility of the reference ETM. As a consequence,
the PCE of inverted PSCs was enhanced from 18.7% to
20.7% with up to 83% FF, without any degradation for at
least 1000 h under continuous light immersion in a nitrogen
atmosphere (Fig. 8d). Even with great success, the perfor-
mance of the highest-efficiency inverted PSCs based on
either inorganic ETM alone or fullerene/inorganic ETMs as
selective electron contacts still lags behind that of organic
ETM-based PSCs.

Moreover, atomic-layer-deposited SnO, (ALD-SnO,)
has recently attracted increasing attention due to the
increased popularity of perovskite tandem devices®"**'*”,
In this regard, SnO, is usually deposited on the ETM as a
buffer layer. For example, SnO, is often used as a buffer
layer in perovskite/silicon tandem devices to reduce the
damage to perovskite caused by sputtering ITO?'. In all-
perovskite tandem solar cells, ALD-SnO, is usually used
to protect the front cells from the corrosion of PED-
OT:PSS*. Recently, Tan et al. proposed a thin conformal
diffusion barrier (CDB)'?’, which consisted of ALD-SnO,
deposited after P, scribing, for inverted tandem modules
(Fig. 8e). Here, the electrically conductive CDB acted as
not only an electron extractor but also a lateral diffusion
barrier between interconnecting subcells to overcome
halide-metal interdiffusion, and the reaction between the
perovskites and metal electrodes was prevented. Due to
these benefits, a certified PCE of 21.7% with an aperture
area of 20.25 cm” was achieved for the corresponding all-
perovskite tandem solar modules. These modules also
showed excellent stability, retaining 75% of their initial
efficiency after 500h of continuous operation under
simulated one-sun illumination.

Opverall, the ETMs used in high-efficiency inverted PSCs
are still PCBM or Cg. Inorganic layers can be used as
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double-layer ETMs based on fullerene/inorganic metal and Cgp) limit their commercialization. Therefore, more
oxide to improve the stability of inverted PSCs. However, research is needed to obtain better ETMs to improve the
the high costs of fullerenes and their derivatives (PCBM efficiency and stability of inverted PSCs.
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Fig. 9 Prevention of the corrosion of metal counter electrodes. a Device configuration and schematic diagram of a bismuth electrode blocking
both inward and outward penetration. b Energy level diagram of the corresponding device. Reproduced with permission from Ref. '*%. Copyright
2019, Nature Publishing Group. ¢ Device structure and schematic diagram of BTA molecules chemically coordinating with a Cu electrode and
forming an insoluble and polymeric film of [BTA-Cul. d Long-term MPPT of devices with and without BTA under continuous illumination. Reproduced
with permission from Ref. '#°. Copyright 2020, American Association for the Advancement of Science.
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CEMs

Similar to other interface functional materials, suitable
CEMs atop the perovskite layer are also crucial for
achieving efficient and stable inverted PSCs. In inverted
PSCs, CEMs are generally deposited on thin buffer layers
(BCP or 1,3,5-Tris(1-phenyl-1H-benzimidazol-2-yl)ben-
zene (TPBi))'**'* on ETMs, which can usually reflect
incident light and have an appropriate work function, high
conductivity, and good stability, and have a profound
impact on the efficiency and stability of PSCs. In this
regard, BCP is often used as an interfacial layer in inverted
devices, which generally can reduce the Schottky barrier
between metal CEMs and commonly used fullerene ETMs
due to the tendency of BCP to chelate with metal CEMs,
allowing closer electronic contact between fullerene
ETMs and metal CEMs, thus promoting interfacial ohmic
contact'*®, which is critical for proper electron transport
and carrier collection in inverted PSCs. Moreover, the
hydrophobic BCP can also prevent erosion by external
moisture'*® and prevent the corrosive problems caused by
ion diffusion'®!, thus improving the stability of the cor-
responding devices. Unfortunately, there is a consensus
that the metal electrodes (Cu, Ag, Al) commonly used in
inverted PSCs undergo corrosion reactions with the
decomposition of perovskites during aging'**~'*'. Fur-
thermore, ion migration induced by degradation factors
(moisture, heat, and light) also causes active metal
counter electrode corrosion, seriously impairing PSC
efficiency and stability. In addition, the difference in Er
between ETMs and CEMs causes serious interface charge
accumulation and affects charge transfer and collection.

To this end, Chen et al. introduced a chemically inert
bismuth (Bi) interlayer into inverted PSCs with the
structure of fluorine doped tin oxide (FTO)/NiMgLiO/
perovskite /PCBM/BCP/Bi/Ag'®®. In their devices, Bi
served as a blocking layer to effectively protect the per-
ovskite from intrusion by undesirable external moisture
and protect the Ag electrode from iodine corrosion
(Fig. 9a). Moreover, the Bi interlayer with an optimized
thickness exhibited a well-matched energy level along
with good conductivity, which negligibly affected the
transport and collection of electrons in the corresponding
devices (Fig. 9b). As a consequence, these devices based
on the Bi-interlayer maintained 88% of their initial effi-
ciency in ambient air in the dark for over 6000 h without
any encapsulation, and the initial efficiency of these
devices was only reduced by 5% after thermal aging at
85°C in a nitrogen atmosphere for 500 h. In addition,
Fang et al. proposed a chemical anti-corrosion strategy by
inserting an organic preservative of benzotriazole (BTA)
before Cu electrode deposition'*®. In this strategy, the
BTA layer did not act as a physical barrier layer as Bi
mentioned above but formed an insoluble and polymeric
film of [BTA-Cu] through chemical interaction with the
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Cu electrode (Fig. 9¢c). Compared with the reference, the
BTA interlayer could act as a diffusion barrier and
effectively block Cu or I diffusion with almost no iodine
aggregation or Cu diffusion in PSCs with BTA/Cu film
during 85°C aging in a glove box. Benefiting from the
above advantages, the device stability was significantly
improved. PSCs with BTA maintained over 90% initial
efficiency after aging for 1100 h at 85 °C. In addition, the
operational stability of PSCs with BTA was also out-
standing, maintaining 91% of their initial efficiency under
MPPT for 1000 h (Fig. 9d).

Therefore, robust interfacial barriers not only prevent
the corrosion reaction of metal electrodes caused by ion
migration but also block the diffusion of metal ions
toward the perovskite layer, which is essential for
achieving high efficiency and stable inverted PSCs. Con-
sequently, in addition to selecting the appropriate metal
electrode, the tailored modification of the top electrode is
also crucial for obtaining stable devices. To date, various
organic and inorganic materials have been employed as
interfacial barriers between CTMs and metal electrodes,
such as a naphthalene diimide derivative (NDI-BN)'??, an
amine-mediated metal oxide (AM-TiO,)'?, a metal
acetylacetonate (ZrAcac)'**, and poly(methyl methacry-
late) (PMMA)'*°. Furthermore, transparent electrodes
with excellent optical transmittance are also extensively
used for tandem or semitransparent solar cells, including
silver nanowires (AgNWs)'?¢, indium zinc oxide (IZO)",
and ITO'"®. While TCO usually requires a buffer layer
(MoO,, etc.) to protect the HTM/ETM or perovskite layer
from damage caused by magnetron sputtering of the TCO
counter electrode, there are many inorganic ETL barriers,
such as ALD-aluminum-doped zinc oxide (AZO), ALD-
SnOy layers, ALD-TiO,, and ALD-VO,, that have also
been employed by deposition on top of PCBM/BCP ETLs/
buffer layers to provide better protection of the perovskite
layer against attack'®*~'*!. Overall, the development of a
suitable counter electrode strategy is still significantly
challenging and requires more effort to achieve efficient
and stable inverted PSCs.

Additive and interface engineering

With the continuous optimization of the fabrication
methods of perovskite films and the substantial progress in
interfacial CTM research, the efficiency and stability of
inverted PSCs are increasing. Even with this improvement,
their efficiency and stability are still affected by significant
nonradiative recombination loss, which leads to serious
thermal potential loss and significantly impacts the V¢
and FF of devices, thereby limiting device performance.
Researchers have recently developed an abundance of
methods for reducing defects, suppressing nonradiative
recombination, and enhancing device efficiency and sta-
bility. Among them, additive engineering and interface
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engineering methods for perovskites have attracted
extensive attention and are especially popular for high-
efficiency inverted PSCs. Herein, the latest research pro-
gress in additive engineering and interface engineering for
high-efficiency inverted PSCs is summarized.

Additive engineering

Additives are mainly introduced during the fabrication
process of perovskite layers to improve the quality of the
perovskite films, reduce defects and enhance the stability
of devices'**'*3, Bao et al. used the natural additive cap-
saicin to completely transform a MAPbI; surface region
from p-type to n-type during defect passivation'**. It was
proven by cross-sectional atomic force microscopy
(AFM)-Kelvin probe force microscopy (KPFM) measure-
ments that the p-n homojunction was located 100 nm
below the perovskite surface. The Eg of the VBM positively
shifted from 0.55 to 1.03 eV, which meant that the ener-
getics of the perovskite surface underwent a complete
transition from p-type to n-type. This energetic transfor-
mation promoted interfacial charge transport between the
perovskite and PCBM, reducing interfacial carrier
recombination (Fig. 10a). As a result, an impressive effi-
ciency of 21.88% with a remarkable FF of 83.81% and
excellent stability were achieved for the corresponding
inverted PSCs. Almost at the same time, a multifunctional
sulfobetaine-based zwitterionic surfactant, tetra-
decyldimethyl(3-sulfopropyl) ammonium hydroxide inner
salt (TAH), was incorporated into MAPbI; to generate a
large-scale coating'*>, which not only improved the
adhesion of the perovskite ink to the underlying hydro-
phobic PTAA layer but also accurately tuned the per-
ovskite crystallization kinetics (Fig. 10b). Benefiting from
these advantages, a dense and smooth perovskite film with
better crystallinity was obtained on the PTAA substrate. In
addition, the functionalized zwitterionic groups of TAH
could passivate the positively and negatively charged
defects at the perovskite surface and grain boundaries
(GBs), forming a hydrophobic surface on the upper surface
of the perovskite. Consequently, the efficiency of TAH-
based inverted PSCs with an active area of 0.04cm” was
increased from 19.34% to 22.07% by blade coating. The
resulting PSC also showed superior moisture stability and
could maintain 96.7% of its initial PCE after 1200h in
ambient air (25 + 5 °C and 20 + 5% relative humidity (RH)).

Furthermore, organic ammonium (~NH3") cations have
been widely used as passivating layers to improve the
efficiency and stability of inverted PSCs'”. For instance,
Sargent et al. introduced several surface-anchoring alky-
lammonium ligands (AALs: BA, PEA, OA, and OAm) with
different chain lengths into perovskite precursors as pas-
sivating agents®. It was found that the perovskite surface
was composed of densely packed alkyl ligands after AALg
were anchored on the perovskite matrix, which was
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stabilized by van der Waals interactions between the
organic moieties of the alkyl ligands. These interactions
increased with the alkyl chain length (Fig. 10c). Conse-
quently, long-chain AALs enhanced the crystallinity of
perovskite films by regulating the crystal growth orienta-
tion and reducing the nonradiative recombination because
the long-chain AAL layer could effectively block holes
between the perovskite and Cg, interfaces. The resulting
PSCs with AALs (OAm) achieved a high PCE of 23.0%
(Jsc=241mAcm % Voc=117V, FF=81.6%) with a
certified stabilized PCE of 22.3% and showed excellent
stability with no efficiency loss after 1000 h under MPPT
and simulated AM1.5 G illumination. In a later study, they
proposed the strategy of mixing the perovskite precursor
with large organic cations, i.e., n-butylammonium (BA),
ethylammonium (EA), dimethylammonium (DMA), or
guanidinium (GUA), to spontaneously form a two-
dimensional (2D) passivation layer at the buried inter-
face®®. EA, DMA, or BA could not form the 2D phase at
the perovskite/NiOy interface. Only GUA could form the
2D GUA,PbI, phase at the buried interface due to its
symmetric structure and abundant —NH, groups. The 2D
phase formation was attributed to the hydrogen bonding
between the —-NH, groups in GUA and the uncoordinated
oxygens in NiO,, serving as nuclei for growth, thereby
passivating the otherwise Ni-deficient NiO, surface.
Consequently, this strategy reduced the defects at the
buried interface and suppressed interfacial nonradiative
recombination, thus leading to NiO,-based inverted PSCs
with a record PCE of 22.9%. However, these organic
monoammonium ligands tended to form undesired in-
plane favored 2D structures, which impaired the stability
of the device'**'*”. Therefore, Chen et al. introduced
alkyldiammonium salts (1.6-hexamethylenediamine dihy-
driodide (HDAI,), 1,3-propanediamine dihydriodide
(PDAIL), and 1.4-butanediamine dihydriodide (BDAI,))
with different alkyl chain lengths as additives into per-
ovskite precursors'*®, Based on density functional theory
(DFT) calculations, the BDA ligand had the maximum
adsorption energy for Vga compared with the other two
ligands due to the bicephalous ammonium groups of BDA
interacting with the two Vg, sites (Fig. 10d), which was
favorable for reducing the defect density and improving
the energy level structure of the upper surface of per-
ovskite. Consequently, the inverted PSCs with BDAI,
achieved high efficiencies of 23.1% and 20.9%, respectively,
on the rigid and flexible substrates and retained 92% of the
initial efficiency under MPPT for 1000 h.

In addition to the additives mentioned above, polymer
additives are widely used in inverted PSCs'****°. How-
ever, due to the multifunctional nature of some additives
and limited experimental technologies, a complete
understanding of the passivation mechanisms for additive
engineering has yet to be attained entirely. Therefore, it is
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necessary to understand the additive passivation
mechanism to guide the design and further improve the
efficiency and stability of inverted PSCs.

Interface engineering

Note that there is still a significant gap in efficiency
between inverted PSCs and regular PSCs, which could
undermine efforts to adopt the p-i-n architecture, despite
the other advantages of inverted PSCs. Given the
remarkable advances in perovskite bulk material optimi-
zation over the past decade, interface engineering meth-
ods have become the most important strategies for
pushing PSC performance to its limit. Notably, extra-
ordinary achievements have been made in interface
engineering with regard to enhancing the performance of
inverted PSCs, as shown in Fig. 2. Compared with
shallow-level defects, deep-level defects located in the
mid-gap are prone to forming nonradiative carrier
recombination centers at the interfaces, causing Voc loss
in PSCs. Therefore, low charge recombination at inter-
faces is critical for enhancing the performance of PSCs.
The interface between the perovskite film and the selec-
tive top ETM in inverted PSCs is a major issue that
induces more interfacial recombination than in per-
ovskite/spiro-OMeTAD regular PSCs, which could be one
reason why the efficiency of inverted PSCs is commonly
lower than that of regular PSCs**%°, Hence, various stu-
dies have been performed to optimize perovskite/Cgg
interface properties, and interface engineering methods
were used as an effective route for tuning the properties of
interfaces to overcome interfacial losses without
destroying the properties of bulk layers.

Fang et al. proposed surface sulfidation to reduce non-
radiative recombination at the interface between per-
ovskite and ETMs to narrow the difference in efficiency
between inverted PSCs and regular PSCs. Inverted PSCs
were treated (SST) through the surface sulfidation of lead
(Pb)-rich perovskite films'®. Specifically, pyridine-2-
carboxylic lead (PbPyA,) was first spin-coated on the
perovskite layer to form a Pb-rich perovskite surface, and
then hexamethyldisilathiane (TMS) was spin-coated on
top by reacting with solid-phase PbPyA, (Fig. 11a). The
perovskite surface became more n-type with SST, which
made the perovskite surface energy band bend and
induced an extra back-surface field. This field enhanced
the V;; of the device and promoted carrier transport
(Fig. 11b). In addition, the Pb-S bonds, formed through
the strong interactions between S*~ anions and Pb ions
on the perovskite surface, were more stable than the Pb-I
bonds. Based on the advantages of SST, the certified
efficiency of inverted PSCs exceeded 23% for the first
time. The resulting devices also showed excellent thermal
stability and operational stability and maintained 91.8% of
their initial efficiency after thermal aging at 85°C for
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2200 h. Likewise, Wolf et al. constructed tailored-
dimensionality 2D/3D heterojunctions on perovskite
surfaces at RT using oleylammonium iodide (OLAI). They
tailored the dimensionality (n) of the 2D perovskite
fragments at the perovskite/Cg interface of inverted PSCs
by tuning the annealing conditions from lower to higher
temperatures, which are crucial for efficient top-contact
passivation through 2D perovskite passivation layers. It
was found that the low-dimensional perovskite layers
(n=1, 2) became more prominent and had a highly
oriented lateral direction on the top 3D-perovskite layers
when posttreatment with OLAI was conducted at room
temperature (2D-RT), which moved the VBM of 2D-RT
films closer to the CBM of Cgg, thus improving the energy
level matching between perovskite and Cgy and promot-
ing electron transport (Fig. 11c)*°. As a result, the inverted
PSCs with 2D passivation had a high efficiency of 24.3%
and maintained >95% of their initial efficiency under
damp-heat test conditions for >1000 h.

To further narrow the efficiency gap, Zhu et al. pro-
posed an organometallic compound, ferrocenyl-bis-thio-
phene-2-carboxylate (FcTc,), as a functionalization
material for the perovskite/Cq, interface (Fig. 11d)'%
which not only reduced the surface traps via strong
chemical Pb-O binding but also improved interfacial
electron transfer through the electron-rich and electron-
delocalizing ferrocene units. Leveraging these benefits,
inverted PSCs with FcTc, passivation achieved an aston-
ishing certified PCE of 24.3% (Voc=1.179V,
Jsc=2559mA cm™>, and FF = 80.60%), which was the
first time a certified PCE of more than 24% was achieved
by inverted PSCs. The resulting PSCs also exhibited
superior stability, successfully passing international stan-
dards (IEC61215:2016) under the damp-heat test (85°C
and 85% RH). Recently, Zhu et al. introduced a reactive
surface engineering approach based on the simple post-
treatment of 3-(aminomethyl)pyridine (3-APy) on top of
perovskite films to push the efficiency of inverted PSCs to
its limit. As shown in Fig. 11e'?, the 3-APy molecule could
selectively react with surface FA™, reducing the perovskite
surface roughness. In addition, the perovskite surface
region became more n-type due to the reduction in the
formation energy of charged iodine vacancies induced by
the reaction product on the perovskite surface, which was
favorable for facilitating electron transport. Based on
these advantages, the inverted PSC achieved the highest
certified PCE of 25.37% according to the J-V character-
istics measured by NREL. Moreover, the resulting PSCs
also exhibited excellent operational stability, retaining
87% of their initial PCE after over 2400 h under one-sun
illumination at approximately 55 °C in air.

In addition to improving the properties of the per-
ovskite/ETM interface, defect passivation between the
hole-selective contact layer and perovskite interface is also
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an effective way to fabricate efficient and stable inverted
PSCs, especially the defect passivation strategy for the
NiO,/perovskite interface''>'*°. As mentioned above, the
complex surface chemical properties of NiO, cause many
difficult issues at the NiO,/perovskite interface, limiting
the further improvement of NiO,-based inverted PSCs. In
particular, Ni**" cation sites on the surface of NiOy as
Bronsted proton acceptors and Lewis electron acceptors
induce the formation of Pbl,_Br, at the NiO,/perovskite

interface, which increases recombination at the interface
and acts as a hole extraction barrier, due to their cap-
ability of deprotonating cationic amines and oxidizing
iodide species in perovskite films'*>'*!, thus impairing the
device performance. To this end, McGehee et al. provided
a simple approach to alter the perovskite precursor stoi-
chiometry with excess FAI to react with the Ni*** cation
sites (Fig. 12a)'*°. The resulting PSCs based on a NiO,-
HTM with a Csg5FAo75Pb(Brgolog)s perovskite layer
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Fig. 12 Interface engineering of the perovskite/NiOy interface. a Schematic illustration of excess titration-reactive A-sites at the NiOy surface,
preventing the formation of Pbl,_Br, at the interface. Reproduced with permission from Ref. '%°. Copyright 2020, Elsevier. b Schematic illustration of
the SRE process. ¢ Long-term MPPT of devices treated with the SRE process measured under one-sun intensity illumination in a glovebox.
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achieved a high PCE of 19.66% with a high V¢ of 1.14 V.
In addition, vacuum-treated NiO, films have poor surface
wettability, which weakens the adhesion of perovskite ink
and creates challenges for the deposition of large-area
perovskite films. The high-oxidative-state Ni*>" species
on the surface also react with the perovskite, resulting in
the formation of hole extraction barriers and severe
chemical degradation at the NiO,/perovskite interface. In
this regard, Liu et al. proposed surface redox engineering
(SRE) for vacuum-deposited NiO, to make it suitable for
slot-die-coated perovskite films. In brief, the SRE method
involved continuously subjecting the NiO, films to an Ar-
plasma-initiated oxidation process and a Brensted acid
(HNOs)-mediated reduction process (Fig. 12b)'*!, which

not only improved the wetting property of the perovskite
ink on the surface of vacuum-deposited NiO, but also
prevented adverse chemical reactions and improved the
energy-band alignment at the NiO,/perovskite interface.
As a result, the inverted PSCs with NiO, as the HTM
achieved excellent PCEs of 23.4% and 21.3% in rigid and
flexible devices, respectively. The unencapsulated SRE-
PSCs also showed superior operational stability, retaining
90% of their initial efficiency under MPPT and continuous
one-sun illumination in a glovebox for over 1300h
(Fig. 12c). Furthermore, the perovskite submodules with a
high-quality perovskite film fabricated via slot-die coating
successfully exhibited a remarkable PCE of 18.6% with an
area of 156 x 156 mm>. Recently, Qi et al. also found that
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the oxidation of iodide and the generation of free protons
at the NiO,/perovskite interface under one-sun illumi-
nation resulted in multistep undesired photochemical
reactions, leading to the photodegradation of inverted
PSCs based on NiO,'*'. They proposed a tri-
methylsulfonium bromide (TMSBr) buffer layer at the
NiO,/perovskite interface to overcome this photo-
degradation. The unique properties of aprotic TMS™
allow it to prevent contact reaction between perovskite
and NiO, and maintain the lattice coherence as well as
suppress the trap density. The resulting inverted PSCs
with the TMSBr buffer layer showed superior long-term
operational stability and retained 82.8% of their initial
PCE after continuous operation for 2000 h under
AM1.5 G light illumination.

Based on the above discussion, interface engineering
plays an important role in fabricating high-efficiency
inverted PSCs. An important reason for implementing
interface engineering is that there is too much non-
radiative recombination at the interface, which is attrib-
uted to carrier recombination induced by defect states and
dangling bonds'*% For the interface engineering of inver-
ted PSCs, the following should be noted: (i) First, to reduce
carrier recombination at the interface, the carrier separa-
tion speed should be fast, which is mainly determined by
the built-in electric field (V},;, closely related to the Vo of
the device) generated by the p-n junction at the interface.
Interface engineering should be an effective way to
enhance Vi,; with the driving force of charge separation
(electrons and holes moving toward two opposite inter-
faces). (ii) Second, carrier extraction should be rapid and
determined by the energy level alignment at the per-
ovskite/CTM interface, which is the key to effective charge
extraction. Briefly, the energy level of conduction band
(Ec) of the perovskite layer should be higher than that of
the ETM, while the energy level of valence band (Ev)
should be lower than that of the HTM. Interface engi-
neering has been employed to efficiently tune the energy
level alignment and reduce the carrier band offset, thereby
suppressing interfacial recombination. (iii) High carrier
mobilities of CTMs are equally important for interfacial
charge dynamics. Therefore, the interlayers should have
functional groups and high conductivity, which can allow
the passivation of interfacial defects and minimize carrier
losses with interface dipoles, thereby achieving favorable
charge dynamics at interfaces. (iv) In addition to the
functions mentioned above, the interlayer should also
improve the stability of devices. For example, an FcTc,
interlayer promoted carrier transfer through its organic
functional groups and formed strong chemical Pb-O
binding to reduce the defect states on the perovskite
surface'®, thus improving device stability. (v) At present,
interface engineering, mainly involving spin coating
methods, is extensively used for small-area PSCs (typically
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active area <1 cm?), but it is a challenge to use for large-
area modules. Methods such as thermal evaporation,
screen printing, and atomic layer deposition should be
developed to deposit a dense and uniform interface layer
for high-efficiency and large-area inverted PSCs.

Conclusions and future perspectives

Inverted PSCs have been developed rapidly in recent
years. Great efforts have been made to increase the effi-
ciencies of inverted PSCs with small aperture areas from
3.9%>° to 25.37% ' by improving the quality of perovskite
films and developing appropriate CTMs and various
defect passivation strategies. A perovskite mini-module
with an inverted structure also achieved a high certified
PCE of 21.07%*’. Regarding stability, both small-area
inverted PSCs'®*® and perovskite mini-modules'> with
an inverted structure have passed international standard
(IEC 61215:2016) tests (under damp heat at 85 °C and 85%
RH), indicating the commercialization prospects of
inverted PSCs. Nevertheless, there is still a certain gap
between the certified stabilized efficiency of inverted PSCs
and regular PSCs (24.05% versus 25.7%). Therefore, more
efforts are needed to improve the efficiency of inverted
PSCs to compete with other counterpart solar cells, for
which the following steps are proposed.

(1) HTMs greatly influence the Jsc of inverted PSCs. For
example, the Jsc of NiOy-based inverted PSCs is generally
lower than that of PTAA-based PSCs'”'®. Therefore,
more suitable CTMs should be developed because the
CTM determines the carrier separation and transfer
in a PSC.

(2) Most inverted PSCs with efficiencies greater than 23%
are based on organic HTMs, such as PTAA and SAMs.
However, organic HTMs can be degraded in moist and
high-temperature environments. Recently, inverted PSCs
based on common organic HTMs (PTAA or 2PACz) passed
the international standard test (IEC61215:2016) under damp
heat (85 °C and 85% RH), showing great commercialization
prospects. In contrast, organic HTMs are generally expen-
sive, which limits the application of PSCs. In addition,
inverted PSCs with PTAA exhibit inferior stability compared
with NiO,-based devices, which suffer from more serious
interface deterioration and bulk decomposition by forming
voids by releasing I, gas from defective regions at grain
boundaries under continuous exposure to light and heat'**,
As the most promising inorganic HTM at present, NiO, has
the advantages of low synthesis cost, good environmental
stability, and excellent thermal stability, which have led to its
application in inverted PSCs''”. However, due to poor
intrinsic conductivity and various surface trap states, the
efficiencies of NiO,-based inverted devices remain low as an
obstacle to their commercialization. Therefore, more efforts
are needed to improve the film quality of NiO, itself,
including surface modification or doping of NiO,, to achieve
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high photoelectric properties comparable to those of com-
mon organic HTMs and to achieve a competitive efficiency
of 25%.

(3) Encapsulation technology is very important for
device stability. Encapsulated devices are usually used for
thermal stability and operational stability tests, indicating
that encapsulation technology is crucial to improving
device stability. Here, integrating effective barriers into
PSCs as internal encapsulation technologies plays an
important role in device stability. This can shield the
perovskite layer from external moisture erosion and pre-
vent undesirable ion diffusion. For instance, Han et al.
introduced low-dimensional diffusion barriers (DBLs) on
top of perovskite films to reduce the detrimental inter-
facial diffusion of ions'*®. Consequently, the perovskite
solar modules successfully passed the industry-relevant
damp-heat test (85 °C and 85% RH). In addition, external
encapsulation technology is also commonly used in the
field of PSCs due to its low cost and effective blocking of
moisture and oxygen penetration'”. For example, Lidzey
et al. introduced a solution-processable polymer interlayer
(polyvinylpyrrolidone (PVP)) between a PSC and epoxy
covered with a glass encapsulation slide’*®, which sig-
nificantly improved the stability of the corresponding
inverted PSCs with a Tg, lifetime of 1000 h. Although it
was reported that the encapsulated inverted devices pas-
sed the industry-relevant damp-heat test (85 °C and 85%
RH)'®%, few reports have shown that PSCs pass stability
tests certified by a third party, underscoring the sig-
nificance of developing encapsulation technology for
inverted PSCs, which is the key to promoting the com-
mercialization of inverted PSCs.

The urgent issue for inverted PSCs is to improve their
steady-state PCE (=25%) and long-term stability, which
can significantly reduce the cost of inverted devices, thus
accelerating their commercialization.
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