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Perovskite solar cells (PSCs) are undergoing rapid development and the power conversion efficiency reaches 25.7% which
attracts increasing attention on their commercialization recently. In this review, we summarized the recent progress of PSCs
based on device structures, perovskite-based tandem cells, large-area modules, stability, applications and industrialization. Last,
the challenges and perspectives are discussed, aiming at providing a thrust for the commercialization of PSCs in the near future.
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1 Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have
prompted a surge of research in academia and industry in
recent years because of their ever-increasing efficiency,
solution fabrication process, and low cost of raw materi-
als. There are several device architectures of PSCs, as
shown in Figure 1, including mesoporous structure, planar
structure and inverted structure. Since the mesoporous
PSC was derived from the dye-sensitized solar cells [1-3],
it consists of a transparent electrode, a dense TiO, layer, a
mesoporous TiO, layer, a perovskite layer, a hole transport
layer, and a rear electrode (Figure 1b). When the meso-
porous layer was removed, it becomes a planar structure
(Figure 1c). The devices adopted these two configurations
are called normal structural devices (n-i-p), and their
mechanism of power generation is similar. The electrons
and holes formed in the perovskite crystals under light
illumination, and are respectively injected into the elec-
tron and the hole transport layer and move to the electrode
to generate power.

On the other hand, an inverted structure (p-i-n) was pro-
posed in reference to organic solar cells [4]. The inverted
structure is composed of a transparent electrode, a hole
transport layer (HTL), a perovskite layer, an electron trans-
port layer (ETL), and a rear electrode on top, as shown in
Figure 1d. The structure is analogous to that of organic thin-
film solar cells, while the direction of electrons and holes is
opposite to the normal ones and thus defined as the inverted
structure. In the early stage, mesoporous structures were well
studied. The normal structure is well studied because of its
high efficiency, while research on inverted PSCs has been
increasing in recent years due to their advantage of stability.

To further improve the power conversion efficiency (PCE)
from the view of device engineering, exploiting various
types of tandem devices to reduce the loss of excess kinetic
energy and break the S-Q limit of single-junction cells is
becoming the spotlight. The efficiency of perovskite/Si
tandem devices is over 30% and the perovskite/perovskite
tandem solar cells reaches 28%, with the development of the
fabrication process, wide and narrow band gap perovskites
and interconnecting layer [2,3]. In the meantime, up-scaling
cell to module is an important task to promote the com-
mercialization of PSCs. A mini-module with PCE of over
21% has been achieved [2,5], and a large module with >800
cm” showed a PCE of 17.9%. Besides efficiency, stability has
also achieved a remarkable breakthrough recently [2]. By
suppressing ion migration and increasing the robustness of
perovskite absorbers, the small device of PSCs passed
maximum power point (MPP) tracking for more than 9,000-h
[6]. Perovskite mini-module passed the heating and moisture
aging test, and MPP tracking for 1,000 h [7]. These ad-
vancements have so far demonstrated the promising potential
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Figure 1 (a) Development route of PSCs: from device to commerciali-
zation. Schematic of device architectures (b) mesoporous PSCs, (c) planar
structure, (d) inverted structure. Note that the applications and commer-
cialization are abbreviated as Appl. and Com., respectively (color online).

of PSCs in diverse scenarios, including indoor photovoltaic,
flexible/wearable devices, see-through devices, and outer
space applications.

In this review, we summarize the recent development of
PSCs in the last 5 years. As depicted in Figure 1a, this review
is composed of the following contents: (1) device structure
mainly including conventional and inverted structures; (2)
the tandem structure of perovskite/silicon, perovskite/per-
ovskite and perovskite/organic photovoltaic (OPV), (3) up-
scaling to modules, (4) the stability issues in the perovskite in
each functional layer, ion migration and encapsulation, (5)
the potential application scenarios such as indoor photo-
voltaic (PV), flexible electronic and out-space application,
(6) brief introduction of the current progress of perovskite
industrialization. Finally, according to the current progress
and existing problems, we share our perspective on most
concerned issues in PSCs, in hope of giving some inspiration
for the further development of PSCs.

2 Device categories

In this section, we will introduce the recent progress of the
normal (n-i-p) and inverted (p-i-n) structure. In addition, we
also introduce the carbon electrode-based structure which is
derived from the n-i-p structure that can be fabricated by the
all-printable method.
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2.1 PSCs with n-i-p structure

2.1.1  Perovskite layer

(1) Seeding induced growth

As the light-absorbing layer, the crystal quality of the
perovskite film largely dominates the photovoltaic perfor-
mance of the solar cell device. Perovskite films are usually
fabricated by solution spin-coating (including one-step and
two-step methods), which often results in polycrystalline
films. Therefore, the control of film morphology, including
grain size, distribution, and voiding, is critical to crystal
quality [8]. After years of development, the two-step method
has gradually become a more favored method for the pre-
paration of perovskite films due to its easier control of ex-
perimental  conditions  and  relatively  excellent
reproducibility [9—-13].

To better control film formation of the two-step method
and improve film quality, Zhao et al. [14] proposed seeding
induced growth method. Different from the traditional two-
step deposition process, they first deposited Pbl, film with
submicron-sized Cs-containing perovskite seeds and then
introduced mixed organic halide salts atop it. The seeds
promote the reaction of the organic ammonium salts with
Pbl, during diffusion, which act as nuclei for the subsequent
growth of the perovskite film (Figure 2a). When the organic
salt was added dropwise onto the Pbl, layer, the perovskite
crystallization process started rapidly. Two crystal-growth-
kinetic modes are manifested. One is random nucleation
growth (red dashed circles) and the other is perovskite seed-
assisted growth (white circles, Figure 2b, middle). It is clear
that the rate of perovskite seed-assisted growth (PSG) is
faster than random nucleation, thereby dominating the entire
crystallization process (Figure 2b, right). Note that the grain
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size can be finely tuned by the seed concentration and
therefore the nucleation density. In this way, crystallization
dynamics, grain size, and perovskite composition can be well
controlled through the PSG method. Therefore, a PCE of
21.5% and better operational stability have been achieved.
To further increase the doping amount of cesium cations,
Li et al. [13] developed a CsCl-enhanced Pbl, precursor
method. In situ confocal microscopy imaging showed that
the introduced chloride successfully reduced the nucleation
density and retarded the formation of perovskite (Figure 2c),
resulting in a nearly two-fold increase in perovskite grain
size and better film quality. Subsequently, a bromine-rich
seed growth method was devised to alter perovskite seed
composition and seed concentration by halogen engineering
[15]. The bromine-rich seeds further expanded the perovskite
grain size to 1.5 pm, exhibiting much more vertically co-
lumnar through-grains. Finally, the “bromine-rich” device
exhibited excellent operational stability, maintaining over
80% of the initial PCE after 500 h of MPP tracking. Inspired
by the above strategy, a series of all-inorganic perovskite
seed crystals have also been developed, including 6-CsPbl;,
CsPbBr; and RbPbI; [16-19]. Perovskite seeds have been
shown to not only act as nucleation sites to regulate crystal
growth, but also serve as stabilizers for formamidinium lead
iodide (FAPbI;) black phase [16,17]. Additionally, a pre-
deposited perovskite array was also used as a template to
induce a bottom-up crystallization (Figure 2d). The average
grain size was >3 pum, contributing to PCEs of 25.1% [20].
Two-dimensional (2D) perovskites, in which the organic
layer acts as a protective barrier to prevent moisture, have
recently attracted increasing attention because of their sig-
nificant robustness [21]. To take advantage of this feature,
Luo et al. [22] introduced highly oriented two-dimensional
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Figure 2 (a) Schematic of fabrication procedure of perovskite films using PSG [14]. (b) I situ PL microscopy reports real-time growth of perovskite from
PSG [14]. (c) In situ perovskite growing process by CLSM for CsCl-enhanced Pbl, precursor method. Scale bar: 10 pm [13]. (d) Schematic of fabrication
procedure of perovskite crystal-array-assisted growth [20]. (¢) X-ray diffraction patterns of perovskite films with varied seed concentrations [22] (color

online).
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Dion-Jacobson (2D DIJ) phase perovskites as templates for
the heteroepitaxial growth of 3D perovskite with the desired
facet orientation and stacking mode. In this way, PSG pro-
vides a new feature: tailoring facet orientation for 3D per-
ovskite via highly oriented 2D perovskite. As characterized
by X-ray diffraction, the (001) and (002) facet orientations of
3D perovskite are significantly promoted with increasing 2D
seed concentration, while the undesired (111) facet orienta-
tion and Pbl, signals are suppressed (Figure 2¢). Ultimately,
the perovskite film exhibited a preferred orientation of the
(001) family of planes with larger crystal grains. Interest-
ingly, the 2D phase is distributed at the grain boundary of the
3D perovskite after the crystal growth process, resulting in
band bending at the grain boundary to inhibit interface non-
radiative recombination of carriers. The high-quality per-
ovskite films resulted in an overall improvement in photo-
voltaic performance and stability, with a PCE of 23.95% and
an ultrahigh FF of 0.847.

(2) Intermediate phase engineering

Perovskite films are typically prepared using a simple
solution process such as spin coating in the lab. The tech-
nique of the solution process could usually be roughly di-
vided into three steps: precursor, intermediate phase, and
nucleation crystal growth. The precursor solutions often
consist of Pbl, (and organic salts in the one-step method) and
polar solvents, among which the most commonly used sol-
vents are dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) [23]. Due to the strong coordination ability between
polar solvents and Pbl,, a relatively stable intermediate
phase, such as Pbl,-DMSO-MA(FA)I, can be generated [24].
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The intermediate phase directly affects the crystallization
rate and crystal growth direction, so it is considered to be the
key stage for the growth of high-quality FAPbI; perovskite
films [24-26].

In 2021, Hui et al. [23] chose a common ionic liquid
methylamine formate (MAFa) as the solvent for Pbl,. Pbl,
dissolved in DMF:DMSO forms needle-like surface mor-
phology after annealing, which provides multiple nucleation
sites, causing the grains to shrink during growth and forming
undesirable pinholes. On the contrary, MAFa as a solvent
promotes the formation of uniform morphology and Pbl,
grains larger than 1 um, laying the foundation for the sub-
sequent vertical growth of perovskite grains. Through the
strong interaction of C=0O/Pb chelation and N—H/I hydrogen
bonding with Pbl,, MAFa not only promotes the vertical
growth of Pbl, relative to the substrate, but also inhibits the
oxidation of iodide ions (Figure 3a). Therefore, PSCs with
efficiencies as high as 24.1% were fabricated under the
conditions of room temperature and high humidity, paving
the way for industrial production. Ingeniously, Li et al. [27]
developed liquid medium-assisted annealing to achieve
uniform heating of perovskite films in all directions, block-
ing impurities in the atmosphere from affecting the crystal-
lization process, and laying the foundation for all-weather
repeatable industrialization.

In addition, some important developments have also been
made in the study of the intermediate phase for the one-step
method. In 2022, Wang et al. [28] introduced a green anti-
solvent isobutanol (IBA) in a one-step method, which ef-
fectively inhibited the formation of d-phase perovskite by

/
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Figure 3 (a) Images of Pbl,@MAFa and Pbl, @DMF:DMSO solutions and schematic diagram of interactions in the solutions [23]. (b) Schematic diagram
of crystal growth with or without NMP [30]. (c) Free-energy calculation for the formation of FAPbI; perovskites with or without NMP [30]. (d) Schematic
diagram of a mesoporous-scaffold-structured and other PSCs [34]. (e) Photographs of perovskite films with and without PEG after water-spraying for 60 s
and kept in ambient air in 45 s [34]. (f) Tyndall effect of Pbl, solutions in DMF with different additives [35]. (g) AFM morphology and corresponding phase

images of the top and bottom surfaces. Scale bar: 1 mm [35] (color online).



2374 Luo et al. Sci China Chem

affecting the intermediate phase of DMSO with FA”, thereby
fabricating a highly crystalline perovskite film with preferred
(111) orientation. To achieve the phase transition below the
thermodynamic phase transition temperature (100 °C), Lu et
al. [29] created an SCN containing atmosphere during the
annealing process to transform the d-phase perovskite into
the a-phase. SCN possesses the ability to facilitate the
formation and stabilization of a-phase perovskite. More ra-
dically, Bu et al. [30] eliminated the antisolvent by com-
pletely replacing DMSO with N-methyl-2-pyrrolidone
(NMP) in the one-step precursor. They found that Pbl, tends
to form a stable adduct with NMP instead of forming inter-
mediate phases with DMF (Cs,PbsIg-4DMF and FA,Pb;ls-
4DMF) so that Pbl, can serve as a template to react with
embedded formammidinium iodide/cesium iodide (FAI/CsI)
in situ to form methylamine-free perovskite (Figure 3b).
Furthermore, the introduction of NMP can also significantly
reduce the formation energy of a-phase perovskites and
suppress the formation of d-phase perovskites, thus enabling
the conversion of a-phase perovskites with good photo-
electric effect even at room temperature (Figure 3c). As a
result, the unpackaged device with 23% efficiency and ex-
cellent long-term thermal stability (85 °C, ~80% of initial
PCE after 500 h) was achieved.

(3) Multifunctional additives

Perovskite films typically form a wide range of defects due
to solution processing and fast crystal growth at relatively
low temperatures. Some of the defects tend to form shallow-
level traps, such as I or MA vacancy defects, while others are
potentially deep-level traps, such as undercoordinated spe-
cies (halides and Pb2+) and Pb-I antisite defects (Pbl; ) [31].
Additives with specific structures, including inorganic salts,
Lewis acids, Lewis bases, are added to the precursor solution
to passivate specific defects while regulating the perovskite
crystallization process [31-33]. In particular, multifunctional
additives that can simultaneously passivate multiple defects
and play additional roles have received particular attention in
recent years.

The hydrolysis property makes the performance of PSCs
unable to maintain for a long time, which is the main bot-
tleneck hindering its development. Zhao et al. [34] in-
troduced a long-chain molecule PEG into the perovskite
precursor to act as a scaffold to help form a three-dimen-
sional network, which strongly supports the perovskite
grains (Figure 3d). Most strikingly, due to the hygroscopicity
of the PEG scaffold and the strong intermolecular interaction
between it and methylammonium lead iodide (MAPbI;),
self-healing perovskite devices were realized for the first
time: after being damaged by water vapor, the device could
quickly return to its original state and efficiency (Figure 3e).

In 2022, Li et al. [35] reported a multifunctional additive
composed of organic ammonium cations (iBA") and dithio-
carbamate anions (BDTC ) to modulate the crystallization
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and defects of FA-Cs perovskite films. Figure 3f shows the
Tyndall effect based on light-colloid scattering by dissolving
1 M Pbl, in DMF with different additives. The turbidity and
light scattering of the precursor solutions are quite different,
which means that there are Pb-I clusters with different sizes
and disorders in different solutions. The precursor solution
changed from turbid to clear and light scattering became
weaker, implying that the size and disorder of the Pb-I
clusters decreased. The clearest solution and weakest light
scattering indicated that the interaction of BDTC with Pb**
was stronger than that of other additives. The AFM phase
images of the top and bottom surfaces of the perovskite film
indicate that after perovskite film crystallization, iBA" pe-
netrated deeply into the grain boundaries (Figure 3g),
reaching the bottom surface and distributing around the grain
boundaries. Under the synergistic effect of anions and ca-
tions, a PSC with an efficiency of 24.25% and excellent
operational stability (90% of initial PCE after 500 h) has
been achieved.

2.1.2  Interface

As the perovskite layer quality improved, the focus shifted to
the optimization of the interfaces to improve the perfor-
mance of PSCs.

Normal PSC (n-i-p) is stacked by the front electrode, ETL,

perovskite light-absorbing layer, HTL, and the back elec-
trode, which contains several key interfaces, including ETL/
perovskite interface and perovskite/HTL interface. Notably,
carrier extraction/injection, charge transfer/transport, and
recombination are directly related to the interfaces. The in-
terface is the place where defects are most easily formed, and
these defects form non-radiative recombination centres.
Non-radiative recombination induces open-circuit voltage
(Voe) loss in PSCs, as illustrated by the following equation
[36]:
Voc=Vocma T IN(PLQE)xkpT/q (1
where Vo g is the radiative (ideal) limit of the Vo, and
PLQE is the external photoluminescence quantum effi-
ciency, kg is Boltzmann constant, 7 is temperature, ¢ is the
elementary charge. PLQE is closely related to non-radiative
recombination in solar cells. High PLQE means low non-
radiative recombination and high Vy of devices, according
to Eq. (1). Therefore, interface engineering that can passivate
deep defects and reduce non-radiative recombination is
beneficial for Vi increment. The performance of PSCs is
sensitive to detrimental defects, which are prone to be ac-
cumulated at the interfaces and grain boundaries of bulk
perovskite films. Moreover, the stability of devices is also
highly sensitive to the interface.

The interface engineering not only effectively suppresses
non-radiation recombination but also improves the perfor-
mance of the PSCs by adjusting the energy level alignment
between the charge transport layer and perovskite light-ab-
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sorbing layer.

(1) Interface engineering at the ETL/perovskite interface

ETLs are defined as electron transport layers, electron
collection, or extraction layers whose conduction band
minimum (CBM) should be lower than that of a perovskite
absorber. The PSC research started with TiO, as ETL in
2009, where a PSC was designed with Pt-coated FTO glass
substrate and CH;NH;PbX;-TiO, photo-electrode, and ex-
hibited the PCE of 3.81% and 3.13% for CH;NH;Pbl; and
CH;NH;PbBr; absorber, respectively [1]. Kim et al. [37]
designed PSCs with mesoporous TiO, as ETL and delivered
a maximum PCE of 9.7%. However, the requirement of high
temperature for the growth of mesoporous TiO,-based de-
vices gives birth to other potential ETLs, such as compact
TiO, and SnO, owing to their compatibility for low-tem-
perature deposition and easy preparation.

Tan et al. [38] reasoned that performance and stability loss
in low-temperature planar PSCs could arise from imperfect
interfaces and deep trap states present at the perovskite/ ETL
interface, which could potentially be addressed by passi-
vating the interface between the ETL and the perovskite
absorber. They devised chlorine-capped TiO, films pro-
cessed at <150 °C as the ETL (Figure 4a). They found that
the interfacial Cl atoms on the TiO, can lead to strong
electronic coupling and chemical binding, which suppress
deep trap states at the perovskite interface and thus con-
siderably reduce recombination at the TiO,/perovskite in-
terface. As a result, they fabricated hysteresis-free planar
PSCs with certified PCEs of 20.1% for small-area devices
(0.049 sz) and 19.5% for large-area devices (1.1 cmz). The
PSCs exhibit excellent operational stability and retain 90%
of their initial performance after 500 h of operating at their
MPP.

In 2021, to improve the V, a sparse array of nanoscale
TiO, cylinders (nanorods) was used as ETL and ultrathin
polymer passivation layers ([6,6]-phenyl-Cg,-butyric acid
methyl ester):(poly-methyl methacrylate (PCBM:PMMA))
were inserted between the ETL and perovskite interface by
Peng et al. [39] (Figure 4b). The resulting nanopatterned
ETL-perovskite interface could be effectively passivated by
the ultrathin polymer PCBM:PMMA to achieve high Ve
that maintained outstanding charge collection and interfacial
transport properties. This approach was demonstrated on a
large-area (1 cmz) cell with a certified PCE of 21.6% and an
FF of 0.839. A champion small-area (~0.165 sz) cell
achieved a PCE of 23.17% with V¢ of 1.240 V and FF of
0.845.

With the development of PSCs, SnO, is always used as the
ETL, due to the many advantages of SnO,, such as high
electron mobility and good energy-level alignment with
perovskite and electrodes [40].

Despite the excellence of SnO,, the SnO, layer does have a
drawback: metal oxides contain surface hydroxyl groups,
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Figure 4 (a) Device structure and cross-sectional scanning electron mi-
croscopy (SEM) image of planar PSCs [38]. (b) Schematic of nanopattern
perovskite cell [39]. (c) Schematic illustration of NH,F treatment on SnO,
surface [42]. (d) Simulation of the formation of the interlayer between
perovskite and SnO, [44]. (e) Schematic of the proposed modification
mechanism of the BGCI at the ETL/PVK interface [45]. (f) Schematic
illustration of Fermi level of EDTA, SnO,, and E-SnO, relative to the CBM
of the perovskite layer. (g) Schematic structure of the FSA-FAPDI; based
device and FSA induced dipole moment at the SnO,/perovskite interface
[47]. (h) Schematic of passivation mechanism achieved by ITIC-Th and IT-
Cl [48] (color online).

and these generate trap states near the valence band [41]. To
reduce defect sites and improve the performance of PSCs,
Sargent et al. [42] used ammonium fluoride (NH,4F) to treat
the surface of SnO,. They reported that an NH,F surface
treatment could eliminate hydroxyl groups from the SnO,
surface and also dope it with fluorine ions (Figure 4c). The
treated PSCs achieved a PCE of 23.2% in light of higher
voltage than in relevant controls.

Besides, interfacial Cl atoms also lead to strong electronic
coupling and chemical bonding at the ETL/perovskite planar
junction [43]. Seok et al. [44] reported the formation of an
interlayer between SnO, and perovskite light-absorbing
layer, achieved by coupling Cl-bonded SnO, with a Cl-
containing perovskite precursor. They reported the formation



2376 Luo et al. Sci China Chem

of a coherent interlayer between a perovskite thin film and a
Cl-bonded SnO, (Cl-bSO) electrode coated with a Cl-con-
taining FAPbI; perovskite precursor (Cl-cPP) solution. From
analytical characterizations, they inferred the formation of a
crystalline FASnCl, phase as an atomically coherent inter-
layer between the perovskite and SnO, (Figure 4d). This
interlayer between the perovskite and ETL reduces the in-
terfacial charge recombination loss and contact resistance,
enabling the fabrication of a PSC with a PCE of 25.8%.

Similarly, a multifunctional interfacial material, biguanide
hydrochloride (BGCl), was introduced between SnO, and
perovskite to enhance electron extraction, as well as the
crystal growth of the perovskite [45]. The BGCI can be
chemically linked to the SnO, through Lewis coordination/
electrostatic coupling and help to anchor the Pbl, (Figure 4¢).
Better energetic alignment, reduced interfacial defects, and
homogeneous perovskite crystallites were achieved, yielding
an impressive certified PCE of 24.4%, with a V5 of 1.19 V
and an FF of 82.4%. More importantly, the unencapsulated
device maintains 95% of its initial PCE after aging for over
500 h at 20 °C and 30% relative humidity in ambient con-
ditions.

In addition, some important developments are made in the
study of the ETL/perovskite interface to improve the per-
formance of PSCs. In 2018, Liu et al. [46] used ethylene-
diaminetetraacetic acid (EDTA)-complexed SnO, as ETL.
The Fermi level of EDTA-complexed SnO, is matched well
with the CBM of perovskite, leading to high V. (Figure 4f).
The PCE of planar-type PSCs with EDTA-complexed SnO,
increases to 21.60% (certified at 21.52% by Newport) with
negligible hysteresis. In 2022, Zhao et al. [47] introduced a
zwitterion-functionalized SnO, as the ETL to induce the
crystallization of high-quality black phase FAPbl; on such
SnO, substrate. The SnO, ETL treated with the zwitterion,
formamidine sulfinic acid (FSA), can suppress the deep-level
defects at the SnO,/perovskite interface and help rearrange
the stack direction, orientation, and distribution of residual
Pbl, in perovskite layer, which reduces the side effect of the
residual Pbl, to the perovskite structure (Figure 4g).

Apart from the work on tailoring ETLs, interlayers are also
studied for defect passivation. A planar structural molecule
was designed and added to the precursor solution which sank
to the ETL/perovskite interface during the annealing process
(Figure 4h). As a result, a network well-matched with a
perovskite lattice was formed. Contributing to the effective
reduction of defect sites at the interfaces, the targeted device
achieved a PCE of over 25% [48].

(2) Interface engineering at the perovskite/HTL interface

Solution-processed perovskite films are usually poly-
crystalline, which means they contain substantial structural
disorders, such as grain boundary defects and crystallographic
defects. The surface is the place where defects are most ea-
sily formed, and passivation of the surface defects is always
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the most important task in any type of solar cell. In PSCs,
several efficient surface passivation methods have been
adopted to improve the performance of PSCs, such as two-
dimensional (2D) perovskite [49-51], organic halide salt
[52,53], lead oxysalt [54], and wide-bandgap halide [55,56].

2D halide perovskites have recently been recognized as a
promising avenue in PSCs in terms of encouraging stability
and defect passivation effect. In 2018, Wang et al. [49] re-
ported an innovative facile solution method for in situ growth
of 2D PEA,Pbl, capping layer to passivate surface defects,
where by spin-coating a phenethylammonium iodide (PEAI)
solution upon the 3D perovskite film, 2D perovskite PEA,
Pbl, layer was formed by the following reaction of PEAI
with excess Pbl, (Figure 5a). Similarly, Ho-Baillie et al. [50]
reported that using a mixture of bulky organic ammonium
iodide (iso-butylammonium iodide, iBAI) and FAI enhances
both PCE and stability. Through a combination of inactiva-
tion of the interfacial trap sites, and the formation of an
interfacial energetic barrier, ionic transport is reduced (Fig-
ure 5b).

To further improve the performance of PSCs, You et al.
[52] developed an organic halide salt, PEAI for post-treat-
ment of mixed perovskites to suppress the surface defects of
perovskite polycrystalline films for efficient solar cells in
2019 (Figure 5c¢). Surprisingly, the organic halide salt, PEAI,
rather than the 2D layered PEA,Pbl, perovskite proposed in
many recent studies, serves as a much more effective pas-
sivation additive for a 3D perovskite. They carefully con-
trolled the conversion process of PEAI to PEA,PbI, in the
actual devices and showed that the existence of PEAI instead
of PEA,Pbl, leads to the best result of passivation. As a
result, a 23.32%-certificated PCE has been achieved for the
PSC. In addition, a V¢ as high as 1.18 V was achieved at the
absorption threshold of 1.53 eV, which is 94.4% of the S-Q
limit Vo (1.25 V). In 2022, Yang et al. [53] also reported the
heterointerface between the top perovskite surface and an
HTL is often treated for defect passivation to improve PSC
stability and performance. However, such surface treatments
could also affect the heterointerface energetics and may in-
duce a negative work function shift (i.e., more n-type), which
activates halide migration to aggravate PSC instability. To
solve the above problems, they introduced an ion [TsO] ,
which has the strongest electron-withdrawing character, to
replace the iodine ions in OAI to neutralize negative AW
(Figure 5d). Therefore, despite the beneficial effects of sur-
face passivation, this detrimental side effect limits the
maximum stability improvement attainable for PSCs treated
in these ways.

For silicon technology, surface structural defects are gen-
erally passivated by silicon oxide, silicon nitride, or alumi-
num oxide, which form strong covalent bonds to silicon.
Therefore, Huang et al. [54] demonstrate a general passi-
vation strategy for lead halide perovskites by forming a thin,
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Figure 5 (a) Schematic illustrations of the crystal structure of 2D-3D
perovskite films and the device architecture [49]. (b) Schematic of the MP
passivation treatment method with FAI and iBAI [50]. (c) Possible passi-
vation mechanism of the PEAI layer for the perovskite film [52]. (d)
Schematic interpretation of the heterointerface band alignments of the OAI-
treated and OATsO-treated devices under illumination in open-circuit
condition [53]. (¢) Double-layered halide architecture of P3HT-based PSCs.
Left, the structure of an n-i-p PSC is based on a DHA using P3HT as the
hole-transport material. Right, schematic structure of the interface between
the WBG perovskite and P3HT [55]. (f) Degradation mapping of TOF-
SIMS signals of T in the HTLs for perovskite/spiro-OMeTAD, perovskite/
GO/spiro-OMeTAD, and perovskite/Cl-GO/spiro-OMeTAD, respectively
[58] (color online).

compact inorganic lead oxysalt layer on the perovskite sur-
face through in situ reaction with selected inorganic anions.
The surface lead oxysalt layer formed strong chemical bonds
with the perovskite and afforded much better resistance to
many detrimental stimuli under ambient atmosphere and
light irradiation. Its passivation effect enhanced the PSC
efficiency and stability. An all-in-one strategy was reported,
which integrated the passivation of perovskite layers with the

oxidation of 2,2',7,7'tetrakis[V,N-di(4-methoxyphenyl)ami-
n0]9,9'-spirobi fluorene (spiro-OMeTAD). The ionic liquid
1-ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)
imide (EIm-TFSI) was used to replace the conventional
oxidant lithium bis(trifluoromethanesulfonyl)imide (Li-
TFSI). The oxidation products EIm was found to be able to
spontaneously penetrate into the perovskite layer and func-
tioned as passivator which readily reduced the defect density
[57].

The typical HTLs used in n-i-p devices include spiro-
OMeTAD, poly(3-hexylthiophene-2, 5-diyl) (P3HT), poly
[bis-(4phenyl)(2,4,6-trimethylphenyl)amine] (PTAA).
Spiro-OMeTAD is always used as the HTL of high-perfor-
mance PSCs. There are also many excellent studies in order
to improve the performance of P3HT-based and PTAA-based
devices.

Seo et al. [55] proposed a device architecture for highly
efficient PSCs that use P3HT as a HTL without any dopants.
Despite the potential advantages of P3HT as an organic HTL
in PSCs, the resulting devices have a low Vyc due to addi-
tional non-radiative recombination at the perovskite/P3HT
interface. In order to solve this problem, they reported a thin
layer of wide-bandgap (WBG) halide perovskite on top of
the narrow-bandgap (NBG) light-absorbing layer by an in-
situ reaction of n-hexyl trimethyl ammonium bromide on the
perovskite surface to reduce recombination at the perovskite/
P3HT interface (Figure 5e). The device has a certified PCE
of 22.7%; exhibits good stability at 85% relative humidity
without encapsulation; and upon encapsulation demonstrates
long-term operational stability for 1,370 h under 1-sun illu-
mination at room temperature, maintaining 95% of the initial
efficiency.

Han et al. [58] reported a solution-processing strategy to
construct strong chemical bonds of Pb—O and Pb—Cl by de-
position of CI-GO at the surface of perovskite films which
can largely impede the loss of PSC, resulting in less damage
to the organic HTL (PTAA) (Figure 5f). They fabricated
PSCs with efficiencies approaching 21% on an aperture area
of 1.02 cm’. The PSC with stabilized heterostructure ex-
hibited excellent operational stability, maintaining 90% of its
initial value after aging under the maximum power point and
60 °C for 1,000 h. Meng et al. [59] used a quinoxaline-based
D-A copolymer PBQ6 as a doping-free HTL instead of spiro-
OMeTAD, and achieved PCE of 22.6% for the n-i-p PSCs
with significantly improved stability.

2.2 PSCs with p-i-n structure

The first p-i-n PSCs were proposed by Wen et al. [4] despite
the low efficiency of 3.9%. Soon, the efficiency was im-
proved to over 15% even in a | cm’ area by Han et al. [60]
using a heavily doped inorganic charge transport layer
(CTLs), greatly promoting the research interests. Li and
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Fang et al. [61] further increased efficiency to 16.6% by
using the non-doped polyelectrolytes (P3CT) hole trans-
porting layer. Inverted PSCs were generally dominating
perovskite-fullerene planar heterojunction, though other
types like bulk and graded heterojunction have been re-
ported. Inverted p-i-n PSCs owned advantages of simple
processing, low temperature, easy flexibility, and low hys-
teresis, due to the absence of commonly used high-tem-
perature sintered, potentially photocatalytic TiO, and doped
organic transporting material in regular n-i-p devices. Be-
sides, inverted PSCs were compatible with Si-based solar
cells to fabricate perovskite/Si tandem devices. The PCE of
inverted PSCs has been greatly improved over the past five
years with the modifications of bulk and interface passiva-
tion. Figure 6 shows the efficiency roadmap of inverted
PSCs. To date, the efficiency of small-area inverted PSCs has
reached a certified record efficiency of 24.3% [62]. This part
will summarize the main progress of inverted PSCs with
focusing on device engineering, including perovskite bulk
and interface designs.

2.2.1  Perovskite layer

In PSCs, perovskite film is the light absorber that plays a
decisive role in photovoltaic performance. Uniform films
with high crystallinity and low defect density are required to
achieve high efficiency. A stable perovskite precursor solu-
tion is of first concern for high-quality perovskite films.
Huang et al. [63] found that organic iodide perovskite pre-
cursors can be oxidized to I,, accompanied by I; -induced
charge traps in perovskite films. Aiming to this, they added
benzylhydrazine hydrochloride (BHC) to reduce the detri-
mental I, back to I', and improved device efficiency to
23.2%. Besides, employing functional additives was a more
widely used method to regulate perovskite films. For ex-
ample, Wu et al. [64] proposed an additive engineering
strategy by using methylammonium acetate (MAAc) and
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Figure 6 Efficiency evolution of inverted PSCs (color online).
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thio-semicarbazide to simultaneously modulate the mor-
phology and crystalline quality, realizing uniform MAPbI;
films with large crystal size and low density of defects. The
resulting PSCs exhibited a certified PCE of 19.19% with an
aperture area of 1.025 cm’.

Apart from film regulation, deep-level defects in bulk
perovskite would induce severe non-radiative carrier re-
combination, limiting device efficiency. Therefore, proper
defect passivation in bulk is crucial for realizing high-per-
formance PSCs. Fang and Li et al. [65,66] developed in-situ
crosslinking methods to passivate defects at grain boundaries
and further inhibit the ions migration in perovskite through
introducing cross-linkable trimethylolpropane triacrylate
additives, achieving ~20% efficiency with good stability.
Recently, Zheng et al. [67] introduced a trace amount of
long-chain alkylamine ligands (AALs) into the perovskite
film to assemble on grain boundaries, resulting in a lower
trap-state density across the higher energy region from 0.32
to 0.4eV. As a result, the inverted devices with AALs
achieved a certified PCE of 22.3% with a Ve of 1.14 V.
Gharibzadeh et al. [68] found that alkylammonium (PEACI)
additive can self-assemble into 2D perovskite in perovskite
films to passivate the grain boundaries and perovskite/Cg,
interface, thus increasing devices efficiency to 22.7% with
Voc and FF up to 1.162 V and 83.2% respectively.

Tonic liquids were also widely used to passivate defects in
inverted PSCs. For example, Lin et al. [69] incorporated 1-
butyl-1-methylpiperidinium tetrafluoroborate ((BMP] [BF,] )
into inverted PSCs to suppress the deep trap states and
compositional segregation in perovskite films during ag-
gressive aging. As a result, over 20% efficiency and ex-
cellent stability were achieved in PSCs with ideal bandgap
(1.66 eV) for subcell in perovskite/Si tandem devices. 1-
butyl-3-methylimidazolium tetrafluoroborate (BMIMBF,)
was also reported in PSCs by Snaith and Gao ef al. [70] to
suppress ion migration in perovskite under illumination and
heat, thus increasing device efficiency from 18.7% to 20%,
along with remarkably improved long-term device stability.

2.2.2  Interface
(1) Top interface

Despite the greatly improved performance, one major
challenge for inverted PSCs still lies in their low efficiency
in comparison with regular devices. The perovskite/trans-
porting layer interface should be one of the main reasons,
especially the top perovskite interface. Huang et al. [71]
found that trap densities in perovskite surface was 1-2 orders
of magnitude larger than that in bulk perovskite. Neher et al.
[72] further verified the non-radiative recombination path-
ways in inverted PSCs and found severe quasi-Fermi-level
splitting losses (~80 mV) at perovskite/transporting layer
interface caused by interfacial recombination, inducing in-
evitable V¢ loss of the devices.
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To suppress the interfacial recombination, one method was
to remove or regrow the defective surface. Given the soft
nature of the perovskite surface, Huang et al. [73] proposed a
physical method to peel-off the defective layer with adhesive
tapes and improved the devices efficiency to 22%. Zhu et al.
[74] developed a solution-processed secondary growth
(SSG) technique to reduce nonradiative recombination in
inverted PSCs. In this method, guanidinium bromide (GABr)
was spin-coated on top of perovskite films to form a wider
bandgap region near the surface (caused by the Br ions in
GABr), reducing the electron-hole recombination at per-
ovskite surface. In addition, SSG-processed perovskite ten-
ded to be more n-type, which will help to occupy the initial
electron traps and thus reduce trap-assisted recombination.
As aresult, a high Vi of 1.21 V was obtained in SSG-based
inverted PSCs with efficiency approaching 21%.

Surface passivation was another widely adopted method to
suppress interfacial recombination. Due to the ionic nature of
perovskite materials, different charged defects existed on the
perovskite surface, including positive, negative, and even
neutral defects. Li et al. [75] developed an iodized fullerene
derivative (PCBB-3N-3I) to passivate the positively charged
defects through the binding between I ions in PCBB-3N-31
and under-coordinated Pb>" on the perovskite surface. Such
binding would promote the molecular arrangement of
PCBB-3N-3I with a preferred molecular orientation. As a
result, an interfacial dipole was formed at the perovskite
interface to benefit electron extraction, leading to device
efficiency increasing from 17.7% to 21.1%. Wenger et al.
[76] proposed a simple oxidation passivation method to re-
duce the neutral Pb” defects in perovskite films. By directly
using H,0, as a post-treatment to oxidize Pb’ to PbO, the
devices efficiency was obviously improved to 19.2%. Jen et
al. [77] designed a bifunctional molecule of piperazinium
iodide with both R,NH and R,NH, " groups, which would act
as an electron donor and an electron acceptor to passivate
different defects in perovskites. Besides, the surface residual
stress and n-type properties can also be improved in per-
ovskite films, leading to a high efficiency of 23.37% (certi-
fied 22.75%). Apart from organic passivators, Bakr et al.
[78] adopted CsPbBrCl, quantum dots (QD) with oleic acid
ligands as an anti-solvent suspension to passivate perovskite
films. When QD met with wet perovskite films, it would
decompose and leave elemental dopants in bulk perovskite
and oleic acid ligands on perovskite surface. These Br or Cl
elements worked as elemental passivation, while the ligands
worked as molecular passivation due to the strong bonding
between Pb atoms and the -COOH groups. Based on the
synergistic function, the devices efficiency was greatly im-
proved from 18.3% to 21.5%.

Up to now, most inverted PSCs adopted the same passi-
vating methods or materials that have been successfully
applied to regular devices. Despite the great efficiency im-
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provement, their performance was still inferior to those of
regular devices. The main reason should lie in the require-
ment difference in energy level alignment and carriers
transporting direction at perovskite surface in regular and
inverted PSCs. Taking the perovskite top surface as an ex-
ample, electrons were expected to transport upward in in-
verted PSCs, while they were expected to transport
downward in regular devices. Therefore, it may be necessary
for inverted PSCs to redesign their passivating materials or
methods to obtain higher efficiency. Vaynzof et al. [79]
proposed a dual interfacial modification method with PEAI
insertion at both top and buried interface to fabricate efficient
inverted PSCs with an efficiency of over 23%. Different
from traditional 2D perovskite passivation, they found that
the main function of PEAI at the buried interface was to
optimize perovskite growth rather than defect passivation.
The PEALI at the top surface can effectively passivate inter-
facial defects by PEAI itself, not 2D perovskite, since no 2D
perovskite was detected at the perovskite surface. They
thought that 2D perovskite may reduce electron extraction at
the perovskite interface due to the high bandgap of 2D per-
ovskite and thus a much low concentration of PEAI was
adopted at the perovskite surface to obtain the best device
performance. Sargent et al. [80] found that in 2D perovskite
with n=1 or 2, quantum confinement would upshift the CBM,
which was much higher than that of 3D perovskite (Figure
7a), thus inducing a large barrier for electron extraction in
inverted PSCs. Based on this, they reported quantum-size-
tuned 2D/3D perovskite heterostructures to fabricate effi-
cient inverted PSCs using MAI and 2D ligand mixture in
DMF and IPA mixed solution. Using this method, the 2D
perovskite capping layer can be well tuned with n>3, thus
downshifting the CBM of 2D perovskite and reducing the
electron extraction barrier. As a result, the efficiency of in-
verted PSCs can be further increased to 23.9% (certified).
Given the fact that lower formation energy was needed to
form 2D perovskite with a high n value, Azmi et al. [81]
treated the 3D perovskite surface with oleylammonium io-
dide operating at room temperature to form higher-di-
mensionality 2D perovskite capping layer (n>2), while
traditional thermal treatment would form 2D perovskite with
n=1 (Figure 7b). Compared with the thermal process, room
temperature processed 2D perovskite exhibited much closer
CBM to the Cg, transport layer, thus reducing the energy loss
during electron extraction. Using this tailored 2D/3D het-
erojunction, high efficiency of 24.3% was obtained in in-
verted PSCs.

Recently, from the point of interfacial heterojunction, Fang
and Li ef al. [82] constructed robust perovskite/PbS hetero-
junction (Figure 7¢) through surface sulfidation (SST) of Pb-
rich perovskite interface with hexamethyldisilathiane. After
SST, perovskite surface tended to be more n-type with ob-
viously upshifted Fermi level in comparison with bulk per-
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Figure 7 Recent strategies to fabricate high efficiency inverted PSCs
using surface optimization. (a) Quantum-size-tuned 2D/3D perovskite
heterostructures [80]. (b) Room temperature processed higher-dimension-
ality 2D perovskite capping layer [81]. (c) Surface sulfidation to construct
perovskite/PbS heterojunction [82] (color online).

ovskite. As a result, electrons would flow to bulk perovskite
from the surface spontaneously, generating an extra back-
surface field pointing towards the ITO front electrode. Such
an extra field was in the same direction as the built-in po-
tential of inverted PSCs, thus promoting electron extraction
and inhibiting holes transport toward the electrons transport
layer. In addition, the S element can also passivate interfacial
defects due to the strong binding between S and Pb. Using
P3CT [61] as hole transporting layer and PCBM as the
electron transporting layer, the resulting inverted PSCs ex-
hibited a record efficiency of 24.3% (certified 23.5%) with
excellent stability. Zhu et al. [62] reported efficient inverted
PSCs by wusing ferrocenyl-bis-thiophene-2-carboxylate
(FcTe,) to modify the perovskite surface. FcTc, not only
passivated defects with strong Pb—O bonds but also pro-
moted interfacial electron transfer through the electron-rich
and electron-delocalizable ferrocene units. As a result, high
efficiency of 25.0% (certified 24.3%) can be obtained, which
was the highest reported efficiency for inverted PSCs.

(2) Buried interface

Apart from the above-mentioned top interface, buried in-
terfaces in PSCs are also crucial to device performance due
to the high-density defects existing in the bottom interface,
which would induce non-radiative recombination and limit
device performance [83,84]. However, owing to their non-
exposed feature, accessing buried interface is more difficult
compared to that of the top perovskite surfaces. Zhu et al.
[85] reported a lift-off method based on the solution-im-
mersion process (Figure 8), and found that the sub-micro-
scale extended imperfections and lead-halide inhomo-
geneities in the buried interface hindered the improvement of
device performance. Huang et al. [86] developed a peeling-
off method by epoxy encapsulant to characterize buried in-
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Figure 8 Schematic of the lift-off process with the solution-immersion
method. The PTAA transporting layer in the lift-off process served as a
sacrificial layer [85] (color online).

terfaces and found a high density of voids at the perovskite-
substrate interfaces, which should be induced by the removal
of DMSO during perovskite formation. Partial replacement
of DMSO with solid-state carbohydrazide (CBH) reduced
interfacial voids and increased device efficiency to 23.6%.

Up to now, PTAA [62] (highest efficiency of 25.0%),
P3CT [82] (highest efficiency of 24.3%), and NiO, were the
most successful hole transporting layers for perovskite
grown on the top of inverted PSCs. To passivate the buried
PTAA/perovskite interface, Stolterfoht et al. [72] functio-
nalized the PTAA layer with the interface compatibilizer
poly[(9,9-bis(30((N,N-dimethyl)-N-ethylammonium)-pro-
pyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] dibromide
(PFN-P2). The amphiphilic properties of PFN-P2 improved
the wetting of the perovskite film on the hydrophobic PTAA,
thus greatly enhancing the fabrication yield of the cells
without frequent pinhole formation. The triple cation per-
ovskite deposited on PTAA/PFN-P2 showed a high average
quasi-Fermi-level splitting (QFLS) of approximately
1.19 eV, which represented a significant enhancement of
approximately 65 meV compared with the QFLS of the
perovskite directly on PTAA. With a minimal loss in ¥, the
champion efficiency was improved to 21.6%. To suppress
non-radiative recombination at interfaces and enhance
charge selectivity from perovskite to HTL, Wu et al. [87]
introduced a large alkylammonium interlayer (LAI) between
PTAA and perovskite. As a result, the reduced surface re-
combination velocity (SRV) and trap state density (N,) en-
able a substantially improved photovoltage from 1.12 to
1.21 V for the PSCs with an optical band gap (£,) of 1.59 eV,
leading to a champion PCE over 22%.

As to buried NiO,/perovskite interface, it usually induced
lower Vo in PSCs than PTAA. Boyd et al. [88] found that
the undercoordinated metal cation sites (Ni23+) from NiO,
can act as Lewis electron acceptors that deprotonated ca-
tionic amines and oxidized iodide species, thus creating an
extraction barrier to holes and resulting in a lower V. With
the use of excess A-site cation that acted to compensate for
organic cation, the modified device yielded an increase in
Voc values to 1.15 V. Chen et al. [89] found that large or-
ganic cations (GUA) can bind strongly to undercoordinated
oxygens in the NiO,, serving as nuclei for GUA,Pbl, growth.
As a result, the non-radiative recombination was effectively
suppressed at the NiO,/perovskite interface by 2D GUA,-
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Pbl,, leading to a 65 mV increase of V- and a champion
PCE of 22.9%.

Recently, self-assembled monolayers (SAMs) binding to
the transparent conductive oxide (TCO) were also reported
to replace traditional PTAA, NiO, or P3CT [82,90] hole
transporting layer and improve the buried perovskite inter-
face [91], owing to their minimal parasitic absorption, low
material consumption and great potential for conformal de-
position on the rough substrate. For example, Wu et al. [92]
proposed a novel anchoring-based co-assembly strategy that
involved a synergistic co-adsorption of a hydrophilic am-
monium salt CA-Br with hole-transporting triphenylamine
derivatives to acquire wettable organic hole-extraction
monolayers. A mini-module was firstly fabricated using
SAMs and achieved a PCE of 12.67% for an aperture area of
36 cm’.

The photovoltaic performance of p-i-n PSCs has been in-
creasing fast in recent years. To further improve device ef-
ficiency, interfacial engineering, especially the energy level
regulation at the perovskite/transporting layer interface
should be greatly noticed to increase the QFLS of PSCs and
promote charges extraction, thus inducing much higher V.
Besides, full passivation of potential defects should also be
noted at both the bulk and surface of perovskite film, sup-
pressing carrier recombination and improving device short-
circuit current density Jgc and FF. Based on these achieve-
ments, we believe the single junction p-i-n devices would
achieve comparable efficiencies of n-i-p PSCs. We also note
that perovskite-based tandem devices were mostly fabricated
using the p-i-n device structure, and thus the device en-
gineering on both WBG and NBG inverted PSCs requires
further contributions from this area.

2.3 Printable mesoscopic PSCs

Great success of in-lab cells inspires a wide range of interest
in industrializing PSCs for cost-effective photovoltaic tech-
nologies. Industrial production needs to overcome additional
challenges besides those which have been widely studied for
lab PSCs. To meet the demands of industrialization, Han’s
group [93] firstly reported a printable mesoscopic perovskite
solar cells (p-MPSCs) in 2013. p-MPSCs are composed of a
triple mesoscopic layer of TiO,/ZrO,/carbon on the TCO
substrate while perovskite is filled inside the pores, as shown
in Figure 9a [94]. In this device configuration, TiO, serves as
the ETL and extracts electrons, carbon serves the back
electrode and extracts holes, ZrO, serves as the scaffold to
load perovskite and the spacer to prevent direct contact be-
tween ETL and the back electrode, and perovskite serves as
the light absorber and the hole transporter. The energy levels
diagram of corresponding layers is shown in Figure 9b [94].
The hole-conductor-free character and the carbon electrode
help reduce the cost of PSCs. Meanwhile, all functional
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Figure 9 (a) Schematic structure of p-MPSCs. (b) Energy levels diagram
of p-MPSCs [94]. (¢) Schematic illustration of the production flow of p-
MPSCs. (d) Interconnection scheme of printable mesoscopic perovskite
solar modules [95]. (e) Printable mesoscopic perovskite solar module with
the dimension of 60 cm by 60 cm [95]. (f) Stable perovskite PV system
with 3,600-cm2 printable mesoscopic perovskite solar modules [96] (color
online).

layers including the back electrode in p-MPSCs are fab-
ricated via solution-processed methods while evaporation
is excluded (Figure 9c). The inexpensive components and
the fully solution-processable character minimize the cost
and make p-MPSC a great choice for low-cost photo-
voltaics.

Different from its analogues, scaling up p-MPSCs for
large-area modules with similar scales as that of standard
silicon panels to meet the basic requirement of real appli-
cations is not so challenging. To fabricate perovskite solar
modules, large-area compact and dense perovskite films
should be realized first. Perovskite films for present efficient
PSCs are generally fabricated by spin coating while the spin
coating is found to be not suitable for depositing large-area
films. Blade coating and slot-die coating methods have been
developed to substitute spin coating. The remaining concern
is that the PCE of modules fabricated by these methods
lagged behind that of the spin-coated ones since non-uni-
formity and pin holes are detrimental to the performance of
PSCs, especially for modules. However, FTO is much
rougher than ITO and how to deposit a thin and compact ETL
on FTO to avoid direct contact between perovskite and the
window electrode remains a concern. In p-MPSCs, there is
no individual perovskite film since perovskite is indeed
buried inside the pores and constructs a bulk composite layer
with thick mesoscopic scaffolds of several micrometers [93].
The ETL in p-MPSCs is about hundreds of nanometers,
which can fully cover the rough substrate. It is worth noticing
that the back electrode in p-MPSCs is prepared before the
filling of perovskite. In this case, the contact between per-
ovskite and the carbon electrode can be well ensured during
the growth of perovskite. Based on these special character-
istics, p-MPSCs were upscaled with the dimension of 60-cm
by 60-cm and a stable photovoltaic system was successfully
launched with the 3,600-cm” modules for power generations
(Figure 9d—f) [95,96].

p-MPSCs have demonstrated very encouraging stability
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results while convincing stability is another requirement for
PSCs to be industrialized (Figure 10a). The stability of PSCs
is determined by all components in the device. Carbon has
been widely regarded as a stable electrode material for PSCs
since it will not migrate or react with perovskite in the de-
vice. The hole-conductor-free character makes p-MPSCs
bear no additional stability concern induced by hole con-
ductors. Light soaking heats the device and leads to the ex-
pansion of perovskite with a large thermal expansion
coefficient while the mismatched expansion would induce
interface degradation due to strain. The mesoscopic scaffold
confines perovskite inside the pores and helps protect per-
ovskite from such threats. Ion migration of perovskite re-
stricts the long-term stability of PSCs under working
conditions. The mesoscopic scaffold localizes perovskite in
the nanoscale and obstructs ion migration. The grain
boundaries and freely-formed interface in p-MPSCs can be
further enhanced by proper additives to inhibit ion migration
or species loss. P-MPSCs with 5-ammonium valeric acid (5-
AVA) bifunctional molecule has demonstrated stability at a
maximum power point of 55+5 °C for more than 13,000 h
without obvious decay and meet key stability standards of
IEC61215:2016. The proposed mechanism and test results
are shown in Figure 10b, ¢ [6]. It is also found that the thick
scaffold of p-MPSCs may weaken the electric intensity
inside the device and suppress ion migration, which makes
p-MPSCs remarkably resilient against reverse-bias stress
[97].

The challenge for p-MPSC:s is that their PCE is not so high
as those of conventional ones though their theoretical effi-
ciency will be expected to exceed the efficiency of existing
p-n junction photovoltaic devices. The special device con-
figuration and fabrication flow make most methods for
conventional PSCs not suitable for p-MPSCs although the
key to improving device performance is always enhancing
beneficial dynamic processes such as charge extraction and
charge transport and suppressing undesired dynamic pro-
cesses such as non-radiative recombination. Various methods
have been developed and improved the PCE of p-MPSCs
(Figure 10d). Controlling the crystallization of perovskite is
fundamental for all kinds of PSCs. Since solvent in the thick
scaffold of p-MPSCs cannot be removed as rapidly as re-
quested for preparing compact and uniform perovskite films
for conventional PSCs, different strategies have been de-
veloped. The additive of 5-AVA was firstly introduced to
template the growth of MAPDI; with its carboxyl group ad-
sorbed on the surface of the scaffolds or contacting each
other at the grain boundaries and with its ammonium group
grown in perovskite. This method realized full infiltration of
perovskite and a certified PCE of 12.84% in 2014 [94].
Recently, a growth-dominated crystallization process was
further developed to inhibit the nucleation process and pro-
mote the growth process of perovskite in the scaffold by
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Figure 10 (a) Stability development chronology of p-MPSCs. (b) Pro-
posed mechanism for enhancing the stability of p-MPSCs [6]. (c) Perfor-
mance evolution of p-MPSCs aged at a maximum power point of 55+5 °C.
(d) PCE chart of p-MPSCs [93,94,98,100,110,111]. (e) Schematic of the
growth-dominated crystallization process in the p-MPS [99]. (f) current
density-voltage (J-V) curve of the corresponding champion p-MPSC with
the PCE of 18.82%, inset is the GIWAXS map of perovskite in the me-
soscopic scaffold [98] (color online).

adopting the solvent of N-methylformamide (NMF) and
balancing the crystal growth process and the solvent removal
process (Figure 10e). GIWAXS measurement distinguished
that the obtained perovskite inside the non-ordered pores
exhibited high orientation, indicating that perovskite ex-
perienced an enhanced growth process (Figure 10f). A
champion PCE of 18.82% was successfully obtained via this
method (Figure 10f) [98]. Additive engineering is an effec-
tive strategy for the PCE enhancement of p-MPSCs as con-
ventional ones. Various additives have been attempted to
modulate the crystallization [94,99], promote charge trans-
port [100], passivate defects [101], optimize energy level
alignment [102], and enhance charge extraction in p-MPSCs
[103]. Meanwhile, progress has been also obtained by de-
veloping ETL and carbon electrodes for enhanced charge
extraction and suppressed interface recombination
[104,105].

In addition to the above p-MPSCs, there also exist some
other similar ones, which also show good performance in
efficiency and stability. Zhou et al. [106] developed a low-
temperature fabrication routine for hole-conductor-free
MPSCs. They used a TiO, nanoparticle-binding carbon
electrode as the back electrode, and adopted the vacuum
treatment to assist the infiltration and crystallization of the
organic—inorganic hybrid perovskite. Finally, a >12% PCE
and >220 days storage-stability were achieved. Hinsch et al.
[107] reported a fill factor assessment in hole-conductor-free
carbon electrode-based PSCs, and achieved a certified power
conversion efficiency of 15.5%. Kim et al. [108] employed
2D-perovskite as an electron-blocking layer PSCs with
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printable low-temperature carbon electrode, and achieved a
PCE of 18.5%. To further improve the PCE of p-MPSCs
towards that of conventional ones, optimizing the selectivity
of charge extraction restricted by the absence of hole con-
ductors is critical [109].

3 Tandems

The limited optical response of single-junction cells stems
from the absorption of a small fraction of photons above the
bandgap of the semiconductor material, while excess energy
is lost through thermalization and lower energy photons
cannot be utilized. Currently, perovskite materials with ex-
cellent optoelectronic properties and tunable bandgaps are
entering two-terminal (2T) tandem solar cells (TSCs), in
which the WBG cells at the top can efficiently utilize high-
energy ultraviolet and blue-green visible light, and the NBG
cells at the bottom, including semiconductor materials such
as crystalline silicon (c-Si), copper indium gallium selenide
(CIGS) and narrow-E, organic semiconductors and PSC, can
effectively utilize low-energy infrared light. Therefore, in-
tegrating these high-efficiency subcells with tandem tech-
nology can break the S-Q limit of traditional single-junction
cells and achieve the maximum utilization of the solar
spectrum [112]. In this section, recent research progress
about 2T perovskite/c-Si, perovskite/CIGS, perovskite/per-
ovskite (all-perovskite) and perovskite/organic monolithic
TSCs is reviewed.

3.1 Perovskite/c-Si tandem solar cells

With a high market share (*95%), excellent module effi-
ciencies, and long-term reliability, c-Si is an ideal candidate
for a tandem integration with PSC, and the front-side
structure of c-Si is of concern as it does not only affect the
crystalline quality of the perovskite but also the light-har-
vesting of the cell. Several thin film deposition techniques,
such as spin coating, blade coating, evaporation, slot-die
coating, have been developed to achieve more efficient and
area-scaled perovskite/c-Si TSCs (Figure 11), which un-
doubtedly drive the commercialization of tandems.

3.1.1  Spin coating
(1) n-i-p perovskite/front-polished c-Si tandems
Compatible with the existing relatively mature solution
manufacturing process of single-junction PSCs, the spin
coating has become the most commonly used method to
prepare top PSCs on single-side-polished c-Si cells for TSCs.
In 2015, Mailoa et al. [113] reported the first n-i-p per-
ovskite-based TSC with a PCE of 13.7% on an active area of
1 em’, opening up a pathway for a tandem field. Limited by
the parasitic absorption of spiro-OMeTAD in the short wa-
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Figure 11 PCE evolution of perovskite/c-Si and perovskite/CIGS TSCs
from 2018 to 2022 (color online).

velength (below 420 nm), the TSC based on n-i-p PSC de-
velops slowly. In 2018, Sahli ef al. [114] demonstrated a
nanocrystalline Si recombination junction instead of TCO to
reduce parasitic absorption and reflection losses, and the
photocurrent of heterojunction cells increased by more than
1 mA cm 7, resulting in a PCE 0f22.7% at 0.25 cm” and 18%
at 12.96 cm’. Qiu et al. [115] reported that 22.22% TSC can
achieve current matching between subcells by optimizing the
optoelectronic properties of the ETL and adjusting the
bandgap and thickness of the perovskite absorber. Zhu et al.
[116] also demonstrated 22.8% perovskite/c-Si TSC with
appropriate light absorption and transmittance through sol-
vent optimization. Zheng et al. [117] fabricated the first
monolithic perovskite/c-Si TSC without an additional inter-
facial layer, the SnO,/p++ Si interface provides good vertical
conduction between the top and bottom cells, enabling a PCE
of 20.5% at 4 cm” and 17.1% at 16 cm’, the highest effi-
ciency among TSCs larger than 1 cm” at that time. By using
the new front top metal grid design, the steady-state effi-
ciency of 21.8% was further achieved in the same group at
16 cm’ [118]. During the same period, Shen ef al. [119] re-
ported a similar scheme using atomic layer deposition
(ALD)-deposited TiO, instead of SnO, to achieve a PCE
24.1% for the passivating contact heterojunction tandems,
demonstrating the broad applicability of the interlayer-free
concept in perovskite/c-Si tandem design. Hou ef al. [120]
boosted perovskite/c-Si TSC from 19.38% to 21.93%, thanks
to improved light absorption by introducing the light man-
agement antireflective foils made of polydimethylsiloxane
polymer. Hou et al. [121] improved the perovskite film
quality for top cells by Cs doping, combining the optimiza-
tion of hydrogen-to-silane dilution ratio and substrate tem-
perature during deposition of the intrinsic amorphous silicon
(a-Si) layer, and the 21.3% perovskite/c-Si TSC with a high
Voc of 1.83 V was achieved. Bett et al. [122] applied the
FA,,Cs,Pb(I,_,Br,); composition with 25% Cs and 20% Br
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for efficient PSCs with a bandgap of 1.7 eV, and the corre-
sponding perovskite/c-Si TSC PCE was increased to 21.6%
(0.25-cm2 active area) with a high V- of 1.85 V. To reduce
the current output loss, Zheng et al. [123] added a down-
shifting material (Ba, Sr)ZSiO4:Eu2+ micron phosphor to the
antireflection film to convert near-ultraviolet light into visi-
ble light for perovskite absorption instead of parasitic ab-
sorption in the spiro-OMeTAD layer, boosting monolithic
perovskite/c-Si TSC (4 cmz) efficiency from 20.1% to
23.0%, with improved ultra-violet (UV) stability and
moisture resistance. In 2021, Chen et al. [124] developed a
SnO,-LiCl composite ETL for n-i-p perovskite/c-Si TSCs, in
which LiCl passivated SnO, surface defects, increased the
conductivity of SnO,, and optimized the energy level
alignment, resulting in a 1.68 eV perovskite-based TSC with
an enhanced Vo of 1.92 Vand a PCE of 25.2%. Aydin et al.
[125] developed Cg4, anchored the a-NbO, electron-selective
layer on double-side textured silicon cells to enhance elec-
tron extraction, enabling efficient perovskite/c-Si TSC with a
high PCE of 27% in the n-i-p configuration. Wang et al.
[126] used adenosine triphosphate to convert the residual
tensile strain in wide-E, perovskite absorber into compres-
sive strain, thereby mitigating light-induced ion migration
and phase segregation, and achieved a PCE of 26.95% for n-
i-p wide-E, perovskite-based TSC.

(2) p-i-n perovskite/front-polished c-Si tandems

TSCs based on p-i-n PSCs have unlimited potential for
further development, where the light-incidence surface is Cg
with less parasitic absorption compared to n-i-p type PSCs.
Currently, the strategies to improve the PCE of perovskite/c-
Si TSCs mainly focus on addressing optical loss, fill factor
(FF) loss, current mismatch, and V¢ loss. To improve light
harvesting, Jo§t et al. [127] proposed the textured light
management foil on the front side and Bush er al. [128]
introduced a thin top transparent electrode with metal fin-
gers, enabling a PCE of TSC over 25%. Kim et al. [129]
developed p-i-n PSCs on p-type c¢-Si which is compatible
with ¢-Si industry-standard high-temperature processes.
Current matching was achieved by controlling the bandgap
and thickness of perovskite, and the energy band alignment
was adjusted to reduce Vo loss by using PTAA as the HTL,
resulting in a PCE 0f 21.19%. Chen et al. [130] improved the
quality of perovskite grains through the synergistic effect of
the MACI and MAH,PO, additives, resulting in a PCE of
25.4% for perovskite/c-Si TSC. As reported by Kéhnen et al.
[131], through top contact and perovskite thickness optimi-
zation, the Jgc was increased to more than 19.5 mA cm’
enabling a TSC PCE of 26.0%. Mazzarella et al. [132] in-
troduced the nanocrystalline silicon oxide as an interlayer
between c-Si and PSCs, leading to an increased Jgc in the
bottom cell, reaching a certified PCE of 25.2%. In 2020, the
self-assembled methyl-substituted carbazole monolayer was
proposed as the hole selection layer for PSCs. Due to rapid
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hole extraction and minimal interface non-radiative re-
combination, the certified PCE reached 29.15% with the V¢
of up to 1.92 V [133]. Kohnen et al. [134] first fabricated
PSCs on the industrial unpolished 100 pum Czochralski c-Si,
achieving a PCE of 27.9% for perovskite/c-Si TSC, which
requires a perovskite bandgap higher than 1.7 eV for current
matching. Recently, Wu et al. [135] reported a PSC on the
industrial bottom c-Si cell with TOPCon structure for the
first time and achieved a PCE of 27.6% of TSC at 1 cm”.
Undesirable photoinduced phase separation is prone to occur
in the wide-E£, perovskites, especially when the Br fraction at
the X-site is >20%. In 2020, Schulze et al. [136] developed
MA-free and Cs-rich compositions for improving thermal
and photostability of wide-£, PSCs and also tuned the con-
centration of perovskite precursors to increase light absorp-
tion, reaching 25.1%-certified PCE with a FF' of 80% for the
TSC. Kim et al. [137] focused on the anionic components of
phenethylammonium-based 2D additives, and the 2D/3D
mixed wide-E, perovskite was developed by using the
mixture of thiocyanate and iodine, improving the light sta-
bility, and achieved a PCE of 26.7% for TSC. Xu et al. [138]
reported a 27% TSC with an area of 1 cm’, triple-halide
alloys (chlorine, bromine, iodine) were incorporated into
perovskite to enlarge the bandgap and alleviate the photo-
induced phase separation of wide-E, PSCs caused by ex-
cessive Br. Li ef al. [139] also reported that adding 3 mol%
CsPbCl; clusters to the perovskite precursor solution can
expand the perovskite bandgap to 1.67 eV at Br content be-
low 15%, thereby alleviating the photoinduced phase se-
paration of wide-E, perovskites. In combination with the
additional 2 mol% CsCl to prevent redox reactions at the
NiO,/perovskite interface, the PCE of p-i-n perovskite/c-Si
TSC was as high as 27.26%.

(3) p-i-n perovskite/double-textured c-Si tandems

Front-side polished c-Si bottom cells involve additional
processing costs and high reflectance, and are usually paired
with anti-reflection foils that might be compromised after
encapsulating. To tackle these issues, industry-compatible
double-sided textured c-Si is concerned, while higher quality
spin-coated PSCs were desired. In 2020, Hou et al. [140]
fabricated micron-thick PSCs by spin coating on textured
c-Si with an average pyramid size of 2 um. The depletion
width at the c-Si pyramid base was increased by threefold to
improve charge collection, and the perovskite surface was
passivated by self-limiting 1-butanethiol to obtain a long
diffusion length and suppress phase separation, thus resulting
in a certified PCE of 25.7%. Isikgor ef al. [141] proposed a
multifunctional passivation molecule, i.e., phenformin hy-
drochloride, with electron-rich and electron-poor moieties
that can simultaneously passivate cation and anion defects at
grain boundaries and surfaces of perovskite, achieving a V¢
gain of 100 mV, and the PCE of the textured perovskite/c-Si
TSC was boosted from 25.4% to 27.4%. Ruthenium-based
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metal-organic dye molecules (N719) were reported to pas-
sivate the Ni*™ and O-dangling bond defects of NiO, while
forming a favorable energy alignment to enhance the hole
extraction and transport from perovskites, which promotes
the textured perovskite/c-Si TSC with a PCE up to 26.2%
[142]. Zheng et al. [143] reported a photo-activated p-type
PTAA doping with DPI-TPFB to enhance the hole extraction
on textured c-Si, achieving a FF of 79.6% and a PCE of
27.8% for perovskite/c-Si TSCs. An evaporated MgF, layer
(~1 nm) was inserted at the perovskite/Cg, interface to
reduce nonradiative recombination and facilitate charge ex-
traction, achieving an ultra-high TSC PCE of 29.3% at ~1

cm’ [144]. In 2022, the researchers from Helmholtz-Zentrum
Berlin (HZB) demonstrated a monolithic perovskite/c-Si
TSC with an independently certified PCE of 29.80%, in
which gentle sinusoidal nanotextured c-Si surface was
formed to enable feasible light management without com-
promising the quality of perovskite films, and a reflector
with a dielectric buffer layer was applied on the back side of
the bottom c-Si cell to reduce parasitic absorption at near-
infrared wavelengths [145]. Very recently, the researcher
from Ecole Polytechnique Fédérale de Lausanne (EPFL)
broke the perovskite/c-Si TSC world record with a PCE of
31.25% [2].

In terms of the application scenarios, the outdoor perfor-
mance of the TSC is concerned. Liu et al. [146] demon-
strated a certified efficiency of 28.2% for a TSC over an area
of about 1 cm”, enabled by defect passivation and suppressed
phase segregation of the carbazole additive, and the en-
capsulated device maintained about 93% of their perfor-
mances in a hot and humid outdoor environment over 43
days. De Bastiani et al. [147] studied the diurnal and long-
term evolution of the encapsulated bifacial perovskite/c-Si
TSCs in a hot and humid outdoor environment over six
months. The results indicated that the degradation of device
performance is due to the ion migration within the per-
ovskite, while the interfacial modification is responsible for
the reversible FF change, and the irreversible loss of the FF
is associated with corrosion of the Ag metal top contact.

3.1.2  Vacuum-based deposition

The vacuum-based deposition is more tolerant to pyramid
dimensions than spin-coating processes, favoring conformal
and uniform film growth , and thus particularly attractive for
efficient TSC processing. In 2018, Nogay et al. [148] pro-
posed the conformal depositing perovskite absorbers on
micrometer-scale c-Si pyramids by co-evaporation of CsBr
and Pbl, and subsequent spin-coating organic halide solu-
tions to achieve optimal light management, yielding a PCE
of 25.4% at reverse scans. Sahli ef al. [149] used the same
hybrid two-step deposition method to yield conformal per-
ovskite absorber layers on textured c-Si bottom cells with a
pyramid height of ~5 pm, and a nanocrystalline Si re-
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combination junction was applied between the two subcells
to provide a high resilience to shunts. A fully textured per-
ovskite/c-Si TSC showed a PCE of 25.2%. Aydin et al. [150]
fabricated 25% textured perovskite/c-Si TSC by evaporation
combined with spin coating technique, followed by in-
vestigation of device stability in a hot and sunny outdoor
climate. The results suggested that the optimal perovskite
bandgap should be less than 1.68 eV at operational tem-
peratures over 55 °C, which features less phase stability. Li
et al. [151] combined evaporation- and solution-processed
techniques to conformally grow p-i-n perovskites on textured
HITs. The thermally evaporated CsBr thin layer was in-
troduced to react with the residual Pbl, at the buried per-
ovskite interface to achieve favorable energy level
alignment, achieving a TSC PCE of 27.48% with the long-
term stability exceeding 10,000 h in nitrogen environment.
Mao et al. [152] employed a NiO,/2PACz hybrid HTL on
fully textured, production-line compatible Si wafers to re-
duce shunt losses and match band alignment, achieving a 2T
perovskite/Si TSC with a PCE of 28.84% at an active area of
1.2 cm’. The hybrid process is subjected to the insufficient
reaction of organic and inorganic components, which still
limits the application of large-area perovskite/c-Si TSC. In
2021, RoB et al. [153] first reported a monolithic fully tex-
tured perovskite/c-Si TSC based on one-step co-evaporation
of the MA, sFA( «;Pbl; 5 perovskite absorber, achieving a
PCE of 24.6%. However, all-evaporation perovskite-based
TSC was barely reported, which is likely attributed to
complex components and instability of perovskite from
process-induced damages.

3.1.3  Other deposition methods

Compared with vacuum-based deposition, blade coating and
slot-die coating are more suitable for large-scale perovskite
film deposition, although only a few reports involve tandem
structures. Subbiah ef al. [154] used slot-die coating to fab-
ricate perovskite on textured c-Si bottom cells. Several
strategies, including a low-boiling point mixture instead of
only DMF for rapid solvent evaporation, the additive L-a-
phosphatidylcholine for good wettability of the ink on
PTAA, and perovskite surface defect passivation of cysteine
hydrochloride, enabling the TSC with a PCE of 23.8%. In
2020, Chen et al. [155] first fabricated a conformal HTL and
a thick perovskite layer on a double-textured HIT cell with
sub-micrometer pyramids by a nitrogen-assisted blading
process, combined with a textured light scattering layer on
top to reduce light reflectance, leading to a 26% PCE of
perovskite/c-Si TSC. Recently, this group fabricated pm-
thick wide-E, perovskite films on textured c-Si bottom cells
with an average pyramid size of 0.43 um by a blade coating
method, and the incorporation of trimethylphenylammonium
tribromide contributed to the high-quality thick perovskite
films by suppressing the deep traps induced by iodide in-
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terstitials and increasing the carrier collection distance, re-
sulting in a PCE of up to 28.6% and a Ve of 1.92 V for
perovskite/c-Si TSC [156].

3.2 Perovskite/CIGS tandem solar cells

CIGS with tunable bandgap up to ~1.1 eV are suitable as
bottom cells in tandem structures, despite relatively lower
efficiency than that of perovskite/c-Si TSC (Figure 11).
Perovskite/CIGS TSC can be used in flexible photovoltaic
modules and satellite technology in space due to advantages
of portability and radiation resistance, which has the impetus
for further development.

Todorov et al. [157] reported the first monolithic per-
ovskite/CIGS TSC with a PCE of 10.9% in 2015. ITO was
used as the interconnection layer to connect solution-pro-
cessed CIGS cells with p-i-n PSCs and ZnO was removed to
alleviate perovskite instability. Possibly due to the small
market share of CIGS and the challenge of depositing per-
ovskites on rough CIGS cell surfaces, perovskite/CIGS TSC
development is sluggish. Until 2018, Han et al. [158] made
remarkable progress, raising the PCE of perovskite/CIGS
TSC to 22.4%, which was promoted by specially depositing
thickened 300 nm ITO on the rough surface of CIGS for
localizing shunting and subjected by chemical mechanical
polishing to facilitate subsequent perovskite deposition.
Nevertheless, the additional cost of the polishing process
cannot be ignored. To address surface roughness of CIGS,
Jost et al. [159] employed a ~10 nm NiO, layer by ALD to
form a conformal coating on CIGS cells, compatible with
perovskite processes without polishing, combined with a
PTAA layer to assist carrier transport, achieving a steady-
state PCE of 21.6% at 0.8 cm’. Al-Ashouri ef al. [160] em-
ployed self-assembled monolayers MeO-2PACz on top of
ZnO-capped rough CIGS subcells to obtain a conformal
coating, yielding a certified PCE of 23.3% on 1 cm” area. In
2020, the same group further reported a new certified record
efficiency of 24.2% with a high Vy value of 1.77 V for
perovskite/CIGS TSC, which was enabled by a Me-4PACz
monolayer as the hole transport layer, a wide 1.68 eV
bandgap perovskite with PEAI dopant and LiF passivation
interlayer [161].

3.3  All-perovskite tandem solar cells

All-perovskite TSCs show great potential due to the ultra-
high efficiency, ease of low-temperature fabrication pro-
cesses, compatibility with flexible substrates, and low cost
[2,162]. The realization of all-perovskite TSCs highly relies
on the broad bandgap tunability of perovskites, e.g., wide-E|,
(~1.7-1.8 eV) perovskite as top subcell absorber and narrow-
E, (~1.2-1.3 €V) perovskite as bottom subcell absorber
[163]. In recent years, all-perovskite TSCs have been re-
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markably developed and achieved high efficiencies of 28.0%
(certified) and 26.1% for 2T and four-terminal (4T) config-
urations, respectively [2,164]. Such great progress has
benefited from the following sections: (i) compositional and
interfacial engineering of wide-E, perovskites and devices;
(i) fabrication of highly efficient narrow-£, PSCs with high
Jgc; (iit) employment of effective interconnection layers (ICLs).

3.3.1 Wide-E, perovskite top subcells

Wide-E, perovskites (~1.7-1.8 eV) typically contain high Br
content, which accelerates the crystallization rate of per-
ovskites, thus leading to small grains and a high density of
defects at the grain boundaries. However, large V deficits
(defined as E,/g-Voc) for wide-E, PSCs are not only attrib-
uted to the nonradiative recombination in the bulk and at the
interface but also to photoinduced phase segregation and
mismatched energy levels between wide-E, perovskites and
CTLs. Many efforts such as compositional engineering, in-
terfacial engineering, and dimensional engineering, have
been devoted to improving the Vo and stability of wide-E,
PSCs.

Paetzold’s group [165] adopted n-butylammonium bro-
mide (BABr) post-treatment on the surface of 1.72-eV
FA( g3Csg17Pb(I ¢Bry 4); perovskites to create a 2D/3D per-
ovskite heterostructure interface, which mitigated the non-
radiative recombination, leading to an impressive Vo of
1.31 V (Figure 12a). Therefore, the elimination of interfacial
defects is beneficial to the Voc improvement of wide-E,
PSCs. Chen et al. [166] utilized guanidine bromide (GABr)
to treat the surface of 1.75-eV FA, 3Cs,,Pb(I,,Br,3); per-
ovskite, and the main junction dominated at the perovskite/
Cy interface effectively decreased the dark current (Figure
12b). A Vo deficit of 510 mV was obtained with decent
stability, which verified the efficacy of interfacial passivation
to increase the V.

Additionally, a proper CTL with matched energy levels
with those of wide-E, perovskites could reduce the Vo loss.
Tan’s group [167] reported an in-situ cross-linked small
molecule N,,N,'-di(naphthalen-1-yl)-N,,N,'-bis(4-vinylphe-
nyl)biphenyl-4,4'-diamine (VNPB) instead of PTAA as HTL
in 1.77-eV PSCs (Figure 12c). Compared with the valence
band maximum (VBM) of PTAA, the deeper VBM of —=5.3 eV
for VNPB is more conducive to the hole extraction and
transport from the perovskite layer, which thus obtained a
higher V¢ of 1.23 V. Very recently, a new HTL combination
of a mixed composition of MeO-2PACZ and 2PACZ on NiO
was also fabricated to achieve a PCE of 16.2% with a V. of
1.22 V for ~1.75 eV wide bandgap PSCs [168].

More importantly, the suppression of phase segregation
mainly depends on the compositional engineering of wide-E,
perovskites. Recently, Wen et al. [169] lowered the Br con-
tent of wide-E, (~1.8 eV) perovskites by alloying dimethy-
lammonium (DMA) and chloride (Cl) into the perovskites.
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Figure 12 (a) Device structure with BABr treatment [165]. (b) Cross-
sectional SEM image with GABr treatment [166]. (¢) J-V curves based on
different HTLs [167]. Shift of PL spectral centroids of (d) DMA,Cs,
Bry,sCl, perovskite films, and (¢) DMA,Cs, 4Bry,5sCl, and Cs,,Br,, films
[169]. (f) J-V curves of the best-performing PSCs for 0.0% and 2.5% Cl-
doped absorbers [170]. (g) HRTEM image of the grain boundary region of
perovskite with 7% GASCN additive [171]. (h) Photographs show the ease
of oxidation of Sn°* to Sn*" in ambient air and the facile reduction of Sn*"
to Sn** by metallic Sn powders [172]. (i) Schematic illustration of anti-
oxidation and defect passivation at grain surfaces of narrow-£, perovskite
films [173]. (j) Mobilities and diffusion lengths of the CF;-PA and control
narrow-£, perovskite films [162] (color online).
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The lattice strain and trap densities were simultaneously
minimized, and meanwhile, the phase stability was improved
(Figure 12d, e), which confirmed the phase segregation
could be effectively inhibited via compositional engineering.

3.3.2  Low-E, perovskite bottom subcells
The bowing effect in mixed Sn-Pb perovskites makes the E|,
as low as approximately 1.2 eV, which is suitable to absorb
the near-infrared NIR light as a bottom subcell absorber
[174]. However, numerous defects in the bulk and at the
surface as well as the easy oxidation of Sn*" to Sn** hinder
the performance improvement of all-perovskite TSCs. Thus
far, many strategies have been proposed to address these
issues via defect passivation at the surface and in the bulk,
modulation of the crystallization process, and inhibition of
Sn”" oxidation.

Zhao et al. [170] employed a bulk-passivation strategy via
Cl incorporation to enlarge grain size and reduce electronic
disorder in the perovskite film. The champion device with
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2.5% CI showed an improved PCE of 18.4% (Figure 12f),
which was ascribed to increased mobility and suppressed
nonradiative recombination. To obtain high-quality thick
narrow-£, perovskite absorbers, Zhu et al. [171] introduced
guanidinium thiocyanate (GASCN) into the perovskite pre-
cursor, which dramatically improved the structural and op-
toelectronic properties of 1.25-eV Sn-Pb perovskite films. A
2D perovskite formed at the grain boundaries passivated the
defects at grain boundaries and surfaces (Figure 12g), lead-
ing to prolonged carrier lifetimes of over 1 ps for the ~1 pm-
thick perovskite film. Consequently, a PCE of >20% was
achieved for (FASnl;),s(MAPbDIL;),, PSCs. The efficiency
was further elevated to 22.1% by additive engineering of
mixed bulky organic cations [175].

Suppressing Sn”" oxidation to Sn*" is another helpful way
to boost the efficiency and stability of narrow-£, PSCs. Tan’s
group [172] developed a comproportionation reaction uti-
lizing Sn powers and oxidized Sn* to produce the desired
Sn’" in the precursor (Figure 12h), which could effectively
enhance the carrier diffusion length in narrow-£, perovskites
to 3 um. Further, a strong reductive surface-anchoring
zwitterionic antioxidant was added to the perovskite pre-
cursor to inhibit Sn”" oxidation and passivate defects at the
grain surfaces (Figure 12i), which enables simultaneous
enhancements in the film uniformity, device efficiency and
stability [173]. Additionally, they used 4-trifluoromethyl-
phenylammonium passivator to passivate more defects ad-
sorbed on the surface-defective sites via a strong perovskite
surface-passivator interaction (Figure 12j) [162]. As a result,
the carrier diffusion length in the perovskites with a thick-
ness of ~1.2 um reached over 5 pm, which enabled a PCE of
over 22% for narrow-£, PSCs.

Recently, Zhao’s group [176] developed a universal close
space annealing (CSA) strategy compatible with perovskites
with various compositions and bandgaps to control the
crystallization process of perovskites by slowing down the
solvent releasing process in the intermediate film, and got the
residual solvents involved into the grain growth process
during annealing.

3.3.3 ICLs for all-perovskite TSCs
ICLs play a pivotal role in electrically and optically con-
necting both subcells to construct all-perovskite TSCs. The
primary requirements for effective ICLs with high trans-
mittance, appropriate electrical conductivity, and full pro-
tection of the underlying top subcell are highly met. As
shown in Figure 13a, bathocuproine (BCP)/Ag/MoO,/ITO/
PEDOT:PSS ICL was employed [170]. in which ITO pre-
vented aqueous PEDOT:PSS and organic solvents from pe-
netrating the existing layers. BCP/ITO/PEDOT:PSS could
act well as an ICL to solve the possible instability caused by
the ultrathin Ag [171].

ALD processed SnO, was adopted to replace the BCP
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Figure 13 Device structures of 2T all-perovskite TSCs with different
ICLs: (a) BCP/Ag (1 nm)/MoO/ITO/PEDOT:PSS [170], (b) ALD-SnO,/
Au/PEDOT:PSS [63], (¢) Cg/SnO, 76 [177], (d) ALD SnO,/Au or ITO/E-
NiO, [178].

layer to more effectively prevent the damages caused by
sputtering and the solvents. Sputtered TCOs have also suf-
fered low NIR transmittance. Therefore, the SnO,/Au (1
nm)/PEDOT:PSS ICL was further developed (Figure 13b),
in which Au acted as the recombination center. Huang’s
group [177] demonstrated a simplified C4y/SnO, ;5 ICL via
removing both ITO and PEDOT:PSS for all-perovskite TSCs
(Figure 13c), which they attributed to the ambipolar transport
property of SnO), - simultaneously working as ETL and HTL
for top and bottom subcells, respectively. In addition, the
replacement of PEDOT:PSS with NiO, deposited by e-beam
evaporation further lowered the damage of solvents and
improved the stability of TSCs (Figure 13d) [178].

3.3.4  All-perovskite TSCs
Benefiting from the rapid development of wide-E, per-
ovskite, narrow-E, perovskite, and ICLs, all-perovskite
TSCs have made great progress. Yan and Zhu et al.
[171,179,180] achieved a PCE of over 25% for 4T all-per-
ovskite TSCs by tuning the bandgap selection for both sub-
cells and improving the film quality of both perovskite
absorbers. A PCE of 26.01% was further obtained with the
guidance of simulation [164], which is the highest value for
4T all-perovskite TSCs to date.

The fabrication of 2T all-perovskite tandems is more
complicated than that of 4T all-perovskite tandems, leading

to slow progress in 2T all-perovskite tandems in the early
stage before 2017. In 2018, Zhao et al. [170] first achieved
an efficiency of ~21% for a 2T all-perovskite TSC with a
1.75-eV FA¢Cs,,Pb(I;;Bry3); top subcell and a 1.25-eV
(FASnI;), 4(MAPbI;), 4 bottom subcell. The PCE was further
raised to 23.1% by adopting GASCN additive in (FASnl;), ¢-
(MAPDIL;), 4 precursor to enhance the carrier lifetime and
employing BCP/ITO/PEDOT:PSS ICL to improve the sta-
bility [171]. Tan’s group [162,172,173] exploited a series of
reductants and passivators, such as Sn powers, formamidine
sulfinic acid, and 4-trifluoromethyl-phenylammonium, to
inhibit the oxidation of Sn°” and passivate the surface defects
of narrow-E, perovskite films, which greatly prolonged the
carrier diffusion length to several microns. Thus, a certified
stabilized PCE of 26.4% was obtained for a 2T all-perovskite
TSC with a 0.049 cm’” active area. Very recently, the highest
certified PCEs of 2T all-perovskite TSCs with active areas of
~0.049 and ~1.0 cm’ have been 28.0% and 26.4%, respec-
tively (Figure 14a) [2]. Moreover, a mini-module of the all-
perovskite tandem solar cell with an aperture area of 20 cm’
with a certified 21.7% was also achieved [182]. In addition,
flexible 2T all-perovskite tandems and tandem module have
been demonstrated [168,182,183].

Although great progress of all-perovskite TSCs has been
made, some critical issues and concerns should be addressed
to approach their theoretical efficiency of over 40% [181]
and commercialization in the near future (Figure 14b).
Therefore, continuing efforts should be devoted in the fol-
lowing aspects. For wide-E, perovskite top subcells, the
suppression of phase segregation with suitable additives in
the precursor, the selection of CTLs with matched energy
levels, and interfacial passivation with functional molecules
can facilitate high V¢ and excellent operational stability. For
narrow-E, perovskite bottom subcells, the inhibition of Sn*"
oxidation in the Sn-Pb perovskite films with antioxidants and
reductants and the growth of thick (>1 pm) narrow-£, per-
ovskite absorbers with diverse surface passivators can pro-
long the carrier diffusion length and thus greatly improve the
NIR spectral response. ICLs delivering the minimized op-
tical and electrical losses should be designed and deposited.
These accomplishments could promote the realization of
ultrahigh-efficiency and stable all-perovskite TSCs. Scaling
up fabrication techniques of the devices including doctor-
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Figure 14 (a) Efficiency progress of all-perovskite TSCs; (b) theoretical
simulation of perovskite-based TSCs [181] (color online).
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blading, slot-die, and vacuum deposition for all functional
layers should be meanwhile developed, in terms of com-
mercial applications of all-perovskite TSCs.

3.4 Perovskite/organic tandem

Recently, perovskite/organic TSC has quickly drawn much
attention and the main reason is the recently boosted PCE,
which is benefitted from the developed NBG small molecule
acceptor materials in organic solar cells (OSCs). The NIR
absorbing organic photovoltaic materials provide excellent
candidates for the rear cell active layers in TSCs. Moreover,
in perovskite/organic TSCs, the short-wavelength UV light
could be filtered by the perovskite front cell and the UV
damage to the organic rear cell could be effectively miti-
gated. In order to achieve higher PCE of the perovskite/
organic TSCs, the bandgap of WBG perovskite in front cell
and NBG organic photovoltaic materials in the rear cell
should be around 1.75 and 1.15 eV, respectively, according
to the simulation (Figure 15a) [184]. Therefore, for further
improving the performance of the perovskite/organic TSCs,
the key points should be: (1) the reduction of the non-ra-
diative charge recombination loss and the increase of the Vi
in the WBG perovskite front cell; and (2) the broadening of
absorption spectral wavelength range and the improvement
of photocurrent in the NBG organic rear cell.

Previously, many studies have demonstrated the possibility
of perovskite/organic TSCs through device engineering. Liu
et al. [185] combined a thin perovskite layer with an organic
rear cell showing a similar optical absorption to boost light
absorption. However, due to the significantly overlapped
absorption range of perovskite and fullerene-based OSCs as
shown in Figure 15b, the perovskite/organic TSCs showed
very limited advantages. After the emergence of narrow
bandgap small molecule acceptors (SMAs), the selection of
organic donor:acceptor bulk-heterojunction (BHJ) rear cells
became relatively abundant than before. For example,
Agoma et al. [186] matched the optical absorption of front
cell based on CsPbl,Br and rear cell based on PTB7-Th:
IEICO-4F BHIJ as the active materials, and a stabilized PCE
of 18.04% was achieved. Li et al. [187] developed a per-
ovskite/organic TSC with the phenmethylammonium bro-
mide passivated WBG perovskite (1.74 eV) as front cell and
organic BHJ active layer of PBDB-T:SN6IC-4F (1.30 €V) as
rear cell, which offered PCE of 15.13% (13.61% for flexible
devices).

In 2019, the discovery of A-DA’D-A structured SMA Y6
significantly boosted the PCE of OSCs, and the NIR-ab-
sorbing property of Y6 also provides new opportunities for
perovskite/organic TSCs. For instance, Xie et al. [188] de-
monstrated monolithic perovskite/organic TSCs with the
WBG CsPbl,Br perovskite as the front cell, and the NBG
organic photovoltaic BHJ system of PM6:Y6 or PTB7-Th:
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Figure 15 (a) Simulated optimal bandgap matching of the two subcells in
the two-terminal monolithic perovskite/organic TSCs [184]. (b) UV-visible
absorption of the modified MAPbI;-perovskite and PCE10:PC; BM BHJ
film [185]. (c) External quantum efficiency (EQE) spectra of the corre-
sponding TSCs [188]. (d) Device structure of the perovskite/organic TSC
with organic rear cell based on PBDBT-2F:Y6:PC,;BM [189]. (e) Sche-
matic illustration of the TACI and IPA treatment [191]. (f) UV light soaking
degradation test of the TSC devices [184]. (g) The transmittance spectra of
the perovskite subcells with 4 nm IZO-based and 1 nm Ag-based ICLs
[192]. (h) Schematic of perovskite/organic TSCs with InO, or Ag as ICL
and (i) EQE spectra of the corresponding TSCs [193] (color online).

OO6T-4F as the rear cell. Eventually, through the optimization
of the devices, the PM6:Y6 based TSCs exhibited PCE of
18.38% (Figure 15c¢). Chen et al. [189] built a semi-empirical
device model for perovskite/organic TSCs and estimated the
practical PCE limit of different combinations of perovskite
materials and organic photovoltaic materials. Taking the
model analysis into consideration, a ternary blend system of
PBDBT-2F:Y6:PC,;BM was selected as the rear cell and a
wide bandgap FA( s MA (,Cs, 1sPbl, 3Br; , with £, of 1.77 eV
as the front cell. Eventually, the achieved p-i-n monolithic
perovskite/organic TSCs showed a PCE of 20.6% with a
certified value of 19.54% (Figure 15d). Later on, Xie et al.
[190] optimized the mixed WBG perovskite films by in-
troducing FA" cations into the composition of MA | o,Pbl,Br-
(SCN) 15, which modulated the crystallization and phase
stability of the perovskite films. For the organic BHJ active
layer, PM6:CH1007 was adopted with absorption extended
to 950 nm. By further integrating the WBG perovskite front
cell, the perovskite/organic TSCs achieved a PCE of 21.2%.
Chen et al. [191] chose all-inorganic perovskite (CsPbl, -
Br, ,) as the photoactive layer of the WBG front cell for its
intrinsically high thermal stability and UV-filtering function
for protecting the organic rear cell. To realize the monolithic
integration, the ICL between the two subcells was improved
by surface reconstruction of all-inorganic perovskite using
trimethylammonium chloride (TACIl) as shown in Figure
15e. As a result, the all-inorganic perovskite/organic TSC



2390

Luo et al.

delivered a PCE of 21.04%, and more importantly, the TSC
simultaneously shows outstanding operational and UV sta-
bilities. Qin et al. [184] introduced chloro-formamidinium
into WBG perovskite FAjMA, 4Pb(I;Bry4); to passivate
the bulk defects in the perovskite film and the WBG PSCs
displayed high V- of 1.25 V and high FF of 83.0%. For the
NBG OSCs, an NIR-absorbing organic SMA BTPV-4Cl-eC9
was designed and synthesized by inserting another ethylene
double bond n-bridge between the DA’D central fused ring
core and the A-end groups of Y-series SMAs. The absorption
spectrum of the organic rear cell was broadened to over
1,050 nm. Eventually, the perovskite/organic TSC demon-
strated a high PCE up to 22.0% and showed good operating
stability under UV light (Figure 15f).

At the same time, efforts have also been devoted to the
design and optimization of the ICL in the perovskite/organic
TSCs to minimize optical and electrical losses. Chen et al.
[192] demonstrated a high-performance ICL consisting of a
sputtered 4-nm-thick indium zinc oxide (IZO) layer sand-
wiched between the BCP layer and MoO, layer, resulting in a
dramatic performance improvement compared with the ICL
using BCP/Ag/MoO,. The reported IZO-based ICLs showed
excellent NIR transmittance and minimized the current los-
ses of the organic rear cell (Figure 15¢g). The ICLs enabled
the perovskite/organic TSCs with high efficiency of 23.60%
(certified as 22.95%). The tandem cell also shows high sta-
bility, maintaining 90% initial efficiency after 500 h max-
imum power point tracking under continuous 1-sun
illumination. Later on, Brinkmann et al. [193] developed an
ICL based on an ultrathin ALD-grown InO, layer with a
thickness of about 1.5 nm, to avoid the usage of a thin metal
layer that would usually cause optical losses. The insertion of
InO, between SnO, and MoO, outstandingly improved the
performance of the perovskite/organic TSCs (Figure 15h, 1).
As a result, a champion tandem cell with a stabilized PCE of
24.0% is achieved (certified as 23.1% by the Fraunhofer ISE
CalLab).

4 Modules

Up to now, several groups have reported small-size PSCs
achieving efficiencies over 25.0% [194], which is expected
to exceed 26.0% in near future. However, small-size PSCs
have little significance for industrial manufacture and actual
applications. Thus, developing high-efficient large-area
perovskite solar modules (PSMs) is an indispensable part for
commercialization, and the performances of PSMs would
determine whether PSCs can eventually be launched on
market or not. For perovskite-only devices, large-area
modules should achieve a PCE of 18% with a total area
>125 cm’, according to a report by the U.S. Department of
Energy Solar Energy Technologies Office [195].
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Undoubtedly, the fabrication of large-area PSMs is much
more challenging than that of small-size PSCs. Firstly, uni-
form and high-quality function layers including ETL, HTL
and photoactive layer (perovskite) should be deposited over
a large area. In particular, the formation of perovskite films
involves an unpredictable crystallization process in un-
controlled conditions, so if the process is lack of regulation,
diverse defects and pinholes will result in serious non-ra-
diative recombination and even short-circuiting. Secondly, to
reduce the negative influence of film inhomogeneity and
electric resistance for a large-area device, a series or parallel
circuit is always implemented by separating the large-area
device to several interconnected sub-cells. Only when em-
ploying appropriate module configuration and etching tech-
nology, efficiency loss could be reduced to the minimum.
Centering on the above two challenges, some attractive
progress has been made in recent years, which greatly pro-
moted the development of PSCs toward commercialization.

4.1 Large-area function layers deposition

4.1.1  Perovskite layers

The preparation of perovskite layers is always the decisive
part in the fabrication of high-performance large area PSCs.
Due to the flexibility of preparation, various depositing
techniques have been introduced to deposit large-area per-
ovskite films. Solution methods include slot-die coating,
blading coating, spray coating, inkjet coating, gravure coat-
ing, soft-cover deposition, pressure processing deposition,
and vapor methods include co-evaporation deposition, che-
mical vapor deposition [196]. Among scalable solution
methods, slot-die coating, blading coating and bar coating
form meniscus-shaped liquid edges to spread precursor films
across the substrate, and are classified as meniscus coating
[197]. A slot-die coater consists of a slot-die head and a
solution reservoir, so the precursor solution can be pumped
into the coating head for continuous deposition. On the
contrary, blade coating and bar coating have simpler struc-
tures, abandoning the solution reservoir, so their feasibility
on operation attracts more attention of lab-scale scalable
fabrication. Considering notable merits of meniscus coating,
many groups have implemented them to deposit large-area
perovskite films. Spray coating, inkjet coating, and gravure
coating are already mature techniques for printing thin films,
so they have been employed to deposit perovskite films
[198,199]. In inkjet coating, precursor solutions are dis-
persed into droplets by nozzles in the coating head, and the
size and trajectory of droplets can be controlled in printing.
Spraying coating cannot control the size and trajectory of
droplets accurately, but has higher coating efficiency. Some
attempts have been made by employing both techniques.
Schackmar et al. [200] achieved all-inkjet-printed PSCs
except electrodes and obtained an efficiency of over 17%.
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Eggers et al. [201] used inkjet coating to prepare high-
quality perovskite layers with exceptional thicknesses over 1
um, enabling high PCEs over 21% and stabilized power
output efficiencies over 18%. “coffee rings” effect usually
occurs in spray coating and inkjet coating, which heavily
influences the homogeneity of solute distribution, resulting
in high surface roughness and poor deposition. Conse-
quently, the formation of ‘“coffee rings” morphology is
detrimental to the performances of PSC. Yu et al. [198]
proposed an evaporation/spray-coating two-step deposition
method to fabricate Cs, oFA, 5, Pbl, sBry s perovskite films.
To inhibit “coffee rings” effect, the solvent for the organic
halide solution was changed from isopropanol to nr-butyl
alcohol (NBA). The lower evaporation rate of the NBA so-
lution suppressed the capillary flows and increased the re-
action between metal halides (CsI/Pbl,) and organic halides
(FAI/Br). An enlarged perovskite film (10 cmx10 cm) con-
taining 40 sub-cells was prepared by this method. The
average PCE of these devices was 18.33%=+0.56%.

Moreover, some unconventional deposition methods have
also been invented. Han group presented a soft-cover de-
position method. The precursor solutions were spread out by
polyimide (PI) films that had a good wettability to perovskite
precursor solution. PI films can not only eliminate solute
accumulation, but also control the solvent evaporation rate
[202]. Through some careful optimizations, the novel
method produced perovskite films with better coverage and
facet orientation than spin coating method. A large-area film
of 51 cm’ was prepared, and PCEs up to 17.6% were
achieved on working areas of 1 ecm”. The soft-cover de-
position method was also applied to two-step deposition
[203]. PI films were placed on substrates to form capillaries,
which helped to spread Pbl, precursor solution, and absorbed
MAI sequentially. A PCE of 15.5% on an area of 5 cm’and a
PCE of 15.3% on a flexible PSC were achieved by this
means. Furthermore, Han ef al. [204] proposed a pressure
processing deposition, where vacuum and solvent were all
abandoned. They applied a pressure to spread a synthesized
precursor slurry under a polyimide (PI) film (Figure 16a).
When the film was assembled, by peeling off the PI film
under a constant speed, a dense and uniform perovskite film
was formed by releasing CH;NH, gas. Notably, the new
method can be implemented in ambient condition with a low
temperature of 50 °C. A certified PCE of 12.1% with an
aperture area of 36.1 cm” was obtained.

To prepare high-quality perovskite films, nucleation rates
and crystal growth rates of perovskite must be adjusted to
meet the ideal crystallization process. According to LaMer
model, when the precursor solution reaches a state above the
minimum supersaturation concentration, the nucleus will
start to form rapidly, while the quantity of the nucleus will
further determine the quality of final films [205]. However,
when using non-volatile solvents, like DMF and DMSO,
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Figure 16 (a) Steps of the pressure processing method: (I) add amine
complex precursors and cover with PI film; (II) apply pressure; and (III)
heat and peel off the PI film [204]. (b) Diagram showing R2R processing
for the fabrication of flexible PSCs [199]. (c¢) Diagram of an air-knife-
assisted bar-coating [215]. (d) Diagram presenting the Cl-containing alloy-
mediated sequential vacuum deposition approach [216] (color online).

natural evaporation of them is too slow to allow fast nu-
cleation, thus hardly producing compact films. To handle the
problem, several novel accessories are attached to original
printing devices.

Anti-solvent bath extraction has been developed and could
potentially be used in conjunction with roll-to-roll (R2R)
coating fabrication techniques. Kim ef al. [199] have de-
veloped a high-throughput R2R process, where an anti-sol-
vent bath was employed to facilitate the nucleation and then
convert precursor wet films to perovskite dry films. Different
from commonly used anti-solvents, ethyl acetate (EA),
chlorobenzene (CBZ), or tert-butyl alcohol (rfBuOH) was
introduced as an eco-friendly anti-solvent. Its lower mis-
cibility with DMF and DMSO provides a wider processing
window, which contributes to higher film quality and re-
peatability. With the advanced R2R-compatible processes,
they demonstrated the manufacturing of printed pilot-scale
PSCs (Figure 16b). R2R gravure-printing with fBuOH:EA
bathing resulted in efficiencies of 16.7% for PSCs with R2R-
processed SnO,/FA-perovskite, and 13.8% for fully R2R-
produced PSCs. Besides, Yang et al. [206] utilized n-hexane
in an anti-solvent bath, and introduced a novel Lewis base
additive, diphenyl sulfoxide (DPSO), into precursor solution.
Benefiting from a well-balanced nucleation barrier, uniform
large-area FACs perovskite films were blade coated, and the
resultant PSM realized a certified efficiency of 16.63% with
an active area of 20.77 cm’.

Blowing high-speed gas to accelerate solvent evaporation
is another strategy to regulate large-area perovskite crystal-
lization [207] (Figure 16c¢), and is becoming more and more
popular because of its controllability and feasibility. Unlike
the anti-solvent method, the gas-assisted strategy is more
compatible with large-scale printing. Huang et al. [208] re-
ported several work on blade coating large-area perovskite
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films with the assistance of N, blowing. To reach a high
supersaturation in a short time, they started to exchange
DMF into volatile solvents, like 2-methoxyethanol (2-ME)
and acetonitrile (ACN). By using 2-ME as solvent, and im-
plementation of NH,Cl in precursor solution, a record
aperture efficiency of 15.86% on flexible modules with an
area of 42.9 cm’ was achieved by blade coating with N,
blowing. Then, they found when using a mixture solvent
composed of ACN and 2-ME, even by a high blading speed
of 99 mm/s under ambient conditions high-quality large-area
perovskite films can be produced [209], which is more sui-
table for high-throughout manufacturing. The corresponding
PSM yielded a certified efficiency of 16.4%, with an aperture
area of 63.7 cm’. It is considered that heterogeneous nu-
cleation occurs during the gas-assisted drying process, thus
the bottom interface property is extremely important. Huang
et al. [86] tried to investigate the bottom interface mor-
phology of perovskite film using a peeling technique that
separated perovskite films from substrates. They found the
change of bottom interface morphology was closely related
to the amount of DMSO. Too less DMSO resulted in too
many voids because of too quick crystallization, while too
much DMSO also produced many interface voids. Therefore,
even if an appropriate amount of DMSO was employed, it
only got a PCE of 21.5%. When partially replacing DMSO
with solid-state carbohydrazide that greatly reduced inter-
facial voids, through blade coating, mini-modules showed
certified PCEs of 19.3% and 19.2%, with aperture areas of
18.1 and 50.0 cm’ respectively.

On the other hand, vacuum pumping is also an effective
method for regulating perovskite crystallization via accel-
erating solvent evaporation [210]. Ding et al. [211] and Gao
et al. [212] employed pumping to prepare large-area per-
ovskite films on flexible substrates. Dense and compact
perovskite films were produced by promoting solvent re-
moval. An attempt of fabricating large-area modules via gas
pumping method has also been made. Cai et al. [213] suc-
cessfully prepared 5 cmx5cm perovskite film, which
reached a PCE of 10.6%, and large modules of 45 cmx65 cm
were also achieved.

As above mentioned, regulating the crystallization of
precursor solution is one of the most critical parts in scalable
fabrication. While Huang et al. [30] alternatively developed
a ground-breaking printing method, in which NMP was ad-
ded to perovskite ink to tune the type of nuclei. Due to the
stronger interaction with Pbl,, NMP prefers to form Pbl,-
NMP complex instead of perovskite-NMP complex. Thus,
the nucleation is mastered by the Pbl,-NMP. The fast nu-
cleation of PbL,-NMP is apt to form dense films, and at the
same time, FAI/Csl species are embedded surrounding Pbl,-
NMP, subsequently forming dense perovskite through an in-
situ reaction. Thus, a certified 19.3% PCE mini-module with
an aperture-area of 17.1 cm” was fabricated using slot-die
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coating techniques.

Although solution methods have been overwhelmingly
used to fabricate lab-scale devices and populate the NREL
chart with highly-efficient PSCs, vapor methods are non-
negligible because of their advantages in abandoning toxic
solvents, offering good conformity to rough substrates and
having mature manufacturing infrastructure. The PCE of the
PSCs made via vapor methods has been significantly im-
proved to 24.42% recently [216], which reveals great po-
tential waiting to be tapped.

In single-source vapor deposition, Liang et al. [217] have
prepared a large-area MAPDI; film with 100 cm’. Mean-
while, because of the high volatility of organic cations, the
corresponding perovskite films commonly have poor mor-
phology and optoelectronic properties, leading to low effi-
ciencies. Borchert et al. [218] prepared uniform FAPDI,
perovskite films over 8 cmx8 cm substrates by employing
multi-source evaporation. Loading lead halides and organic
halides in separated sources provided more accurate eva-
poration control, and the resultant PSC achieved a champion
PCE of 14.2%. Furthermore, Yi et al. [216] employed se-
quential thermal evaporation deposition to perovskite films,
firstly depositing PbX, precursor films and then FAI (Figure
16d). They found the addition of chlorine in the precursor
film can promote the reaction between PbX, precursor and
FAI, and produce the perovskite film with a stronger degree
of preferential orientation and higher crystallinity. A cham-
pion PCE of 19.87% was gained by a mini-module with an
aperture area of 14.4 cm’. The devices maintained 92% of
the initial PCE after 450 h of aging under MPP tracking
conditions.

Chemical vapor deposition (CVD) is also a scalable vapor
method, with great potential in preparing large-area per-
ovskite films. Qi et al. [219] have done plenty of research in
this field and proved its scalability on a lab-scale. For in-
stance, they co-evaporated CsBr with Pbl, in the first step,
and Cs" and Br were demonstrated to accelerate the fol-
lowing reaction and improve phase stability. The module
with a designated area of 91.8 cm’ was prepared, obtaining a
PCE approaching 10%.

4.1.2 ETL, HTL and electrodes

In n-i-p structures, metal oxide materials (e.g., TiO,, SnO,,
ZnO, and Zn,Sn0O,) are usually used as ETL materials, which
have great electrical and optical properties, and show high
resistance to light, heat, and moisture. TiO, is a widely used
electron transport material in PSCs. Various deposition
methods have been used to prepare large-area TiO,, such as
spray coating, screen printing and chemical bath deposition.
Based on the TiO, ETL, the largest PSMs reached 3,600 cm’
[96], and a high efficiency of 17.1% was achieved on an area
of 24.97 cm’ by Jung et al. [55]. Moreover, some studies
aimed to decrease annealing temperatures, so that TiO, can
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be used in flexible substrates and also less energy con-
sumption. For instance, Di Giacomo et al. [220] reported a
large-area PSM which was based on an e-beam evaporated
TiO, layer. With slot-die coating, a module with an active
area of 151.875 cm’ was realized and gained a PCE of
11.1%.

Recently, the SnO, ETL is becoming the mainstream
choice for high-efficient PSCs. The SnO, ETL can be de-
posited by chemical bath deposition, and helps to achieve
PCEs over 25% [214]. However, for scalable fabrication,
integrating the printing process to the ETL fabrication is a
rational strategy. Huang et al. [221] implemented a hot air
blowing in slot-die coating SnO, nanocrystal film. With the
advanced printing technology, a large-area (5 cmX6 cm)
flexible PSM achieved an efficiency exceeding 15%. Kim et
al. [222] used polyacrylic acid (PAA), a polymer binder, to
optimize the arrangement of SnO, quantum dot (QD) on a
textured surface (Figure 17a), with the corresponding large-
area (64 sz) PSM reaching a PCE of 20.6%.

For HTL, spiro-OMeTAD is still the common choice, but
considering the poor stability of conventional doping stra-
tegies with Li-TFSI and 4-fert-butylpyridine (z-BP), some
novel small-molecule organic, organometallic materials and
novel doping strategies have been utilized [223]. For in-
stance, Hu et al. [224] simply replaced the usual chlor-
obenzene solvent with pentachloroethane, without any
additional additives. An efficiency of 16.1% was achieved on
an area of 1.00 cm” with improved stability. Xia ez al. [225]
reported a dopant (diphenyl iodide cation and penta-
fluorophenyl boric acid anion (DIC-PBA)) with diphenyl
iodide cation and pentafluorophenyl boric acid anion was an
alternative to Li-TFSI and #~BP. DIC-PBA can effectively
dope PTAA and create a p-doping interface between per-
ovskite film. Devices prepared with DIC-PBA yielded a high
efficiency of 22.86%, and the modules reached an efficiency
of 19.13% with an aperture area of 33.2 cm’ (Figure 17b).
Wu et al. [226] synthesized a small-molecule hole transport
material, BTPA-7, which is almost half cheaper than spiro-
OMeTAD. Meanwhile, it possessed higher hole mobility and
higher glass transition temperature (7,) than spiro-OMeTAD.

In p-i-n structures, HTL is deposited first. Wang et al.
[227] proposed a strategy of depositing NiO, nanocrystal
films on flexible substrates by the R2R process. NiO, na-
nocrystals were blade-coated on the substrate without ob-
vious aggregation. Then a hydroiodic acid bath was
employed to reduce Ni*" to Ni** state, forming nickel iodide,
which can strengthen interface charge transfer. A 15 cm’
flexible perovskite solar module achieved a PCE of 16.15%.
Du et al. [228] proposed a surface redox engineering to
optimize vacuum-deposited NiO, films. The surface redox
engineering included an Ar-plasma-initiated oxidation pro-
cess and a Bronsted acid-mediated reduction process, which
promoted the origin surface to a more stable surface state,
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Figure 17 (a) The cross-sectional TEM images of paa-QD-SnO,@c-TiO,
over the FTO substrates [222]. (b) A photograph of a sealed 6.5 cmx7 cm
DIC-PBA-based solar module, and molecular structures of PTAA and DIC-
PBA [225] (color online).

optimized conductivity, and better energy-band alignment.
Then, they successfully implemented slot-die to deposit
large-area perovskite films on the substrate. Perovskite sub-
modules with an area of 156 mmx156 mm were successfully
assembled, and achieved a remarkable PCE of 18.6% along
with excellent stability.

Recently, more and more high-efficiency PSCs have used
PTAA as HTLs but in a small size. The hydrophobic nature
of PTAA results in poor wetting of the perovskite precursor,
which is disadvantageous for eliminating pinhole defects at
the PTA A/perovskite interface. To address this issue and aim
for large-area devices, Deng et al. [229] introduced /-a-
phosphatidylcholine into precursor solution, which enhanced
the wettability of precursor solution on PTAA. Fabricated
modules achieved efficiencies of 15.3% and 14.6% with
aperture areas of 33.0 and 57.2 cm’, respectively.

As for ETLs, carbon materials (e.g., carbon nanotubes,
graphene, fullerene and its derivatives) provide continuous
structure for charge transporting and are suitable for vapor
deposition and solution deposition. As perovskite layers are
susceptible to solvents present, Cy, is generally deposited by
thermal evaporation to construct p-i-n PSCs [86,208,209].
Deng et al. [229] thermally evaporated Cg, on perovskite
layers as ETLs in inverted planar PSCs, and the related
module exhibited a certified PCE of 14.9% with an area of
57.2 cm’.

Au, Ag and Cu are usually thermally-evaporated to form
metal electrodes of PSCs, as they have high conductivity, and
related scalable deposition technologies are mature. Recent
high-efficient PSMs still employed Au electrodes [214].
However, the high price and stability issues are not con-
ducive to industrial development. According to an evalua-
tion, Au electrodes will share 76.6% of material costs in
PSCs [230]. In order to decrease the cost of metal electrodes,
Ag and Cu are selected as cheaper substitutes. Chen et al.
[86] evaporated Cu as electrodes of p-i-n PSCs and PSMs,
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and efficiencies of 23.6% and 19.2% were achieved on a
small-size device and a large-area PSM with 50.0 cm’, re-
spectively.

Meanwhile, poor stability caused by the metal diffusion
still exists [231]. One strategy to eliminate the diffusion is to
fabricate barrier layers. For instance, Agresti et al. [232]
introduced a chemically functionalized MoS, interlayer be-
tween HTL and perovskite layer, which not only prevented
atom diffusion but also optimized band alignment. Li et al.
[233] deposited an organic corrosion inhibitor of benzo-
triazole (BTA) between ETL and Cu electrode in p-i-n PSCs.
BTA molecules reacted with Cu of the electrode surface and
formed an insoluble and polymeric film of [BTA-Cu], which
can suppress ion diffusion and electrochemical corrosion.
After 85 °C aging for over 1,000 h, over 90% of initial ef-
ficiency was retained, and after continuous maximum power
point tracking for 1,000 h, 88.6%+2.6% of initial efficiency
was retained. Moreover, in PSMs, a lateral atom diffusion at
the interconnection between the sub-cells also needs high
attention. Bi ef al. [7] introduced three kinds of low-di-
mensional diffusion barriers, Al,O; nanoparticles, poly-
dimethylsiloxane (PDMS), and graphitic carbon nitride (g-
C;N,), to compare their effects. They successfully reduced
the diffusion coefficients to 10 °—10 ' times than that in
perovskite films. With 2D blocking layers, modules main-
tained 95% of the initial PCE after damp heat test.

Another strategy is replacing metal electrodes by carbon
materials that have low cost, better stability, and hydrophobic
property [196]. Carbon electrodes are popular in the triple
mesoscopic structure PSCs. Han et al. [95] fabricated me-
soporous TiO,/ZrO,/carbon triple-layer PSMs, which
showed a 10.4% PCE on an active area of 49 cm’. In recent
years, more attention has been put on using carbon electrodes
on planar structure PSCs. Zhang et al. [234] achieved an
efficiency of up to 19.2% on a small-size PSC. Zouhair et al.
[108] reported that HTM-free PSCs reached efficiencies of
18.5% with a significantly improved device stability.

4.2 Modules design and process

The series connection is commonly performed by using three
sets of scribe lines (P1, P2, and P3) to divide a large-area cell
into several narrow sub-cells (Figure 18a). P1 is applied to
cut off the charge transfer path on the bottom electrode. It
should be noted that P1 makes the substrate uneven, so too
close P1 scribe lines will lead to higher inhomogeneity.
Meanwhile too few P1 scribe lines cannot effectively reduce
the negative effect of sheet resistance of TCO. P2 aims to
remove function layers, and intactly expose the covered
TCO. Minimizing interconnect contact resistance between
the top electrode and TCO is important for improving PCE.
In P2, it should not damage the underneath TCO, but if
leaving too many residues, series resistance will increase. P3
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Figure 18 (a) Diagram of the series connection showing the P1-P2-P3
lines for a module. The “dead area” is indicated by W}, and the active area
by W, [235]. (b) Diagram of the parallel connection [206]. (c) Diagram of
combining series and parallel connections [227] (color online).

is employed to disconnect the horizontal charge transfer on
the top [235]. Suitable P3 scribing results in no electrode
fragments re-deposition in the scribe line, ensuring adequate
top isolation.

Although the PSM connected in series can achieve an ideal
voltage, it is still difficult to achieve a high current. Parallel
connection, as a simpler connection structure, connecting the
anode (cathode) of the sub-cell with the anode (cathode) of
the adjacent sub-cell (Figure 18b), can sum the photo-
generated current of all sub-cells. A successful strategy to
make parallel connected modules is depositing metal grids
directly on substrates, and then fabricating the functional
layers. Yang et al. [206] fabricated PSMs with an advanced
parallel configuration, where the width of Ag grids was 6 pm
and a geometric fill factor (GFF) of 92.7% was achieved on
an active area of 20.77 cm’. Interestingly, some attempts on
combining series and parallel connection together were
proposed, as promising strategies for getting high and steady
efficiency. Gao et al. [231] compared series and parallel
connection, and found connecting series modules by the
parallel connection was the best way for maximizing total
output efficiency. Xu et al. [227] designed a new module
configuration, where sub-cells in the same row were con-
nected in series and all these rows were connected in parallel
(Figure 18c). A PSM with a designated area of 21.06 cm’
achieved a champion PCE of 18.81% with this new con-
nection design.

In both series and parallel connections, the process of
scribe lines is critical for obtaining high-efficiency modules.
Various methods have been implemented in processing
scribe lines, such as mask-guided methods, mechanical
scribing, chemical scribing and laser scribing. However, with
further research, laser scribing gradually replaces other
scribing methods and is becoming the most popular one.
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Firstly, laser scribing with high precision can produce thinner
scribe lines, and produce PSMs with higher GFF. With less
dead area, more active area can be used to convert solar
energy under the same total area. For instance, Qi ef al. [236]
successfully produced a 5 cmx5 cm solar mini-module with
a GFF of ~96% on an aperture area of 22.4 cm’, achieving an
efficiency of 20.5%. Rakocevic ef al. [237] employed laser
etching to achieve a point contact interconnection in series
connection, and greatly improved the GFF up to 99%. Be-
sides, laser scribing can produce smaller interconnection
contact resistance, which is important for reducing the power
loss in modules.

5 Stability

Lead halide PSCs are leading the revolution in photovoltaics
thanks to their low cost and high efficiency. Although the
certified PCE of PSCs is comparable to that of Si solar cells,
the unsatisfactory stability hinders their further commercial
applications [238]. Recently, the research community has
focused on the stability of PSCs to achieve fruitful progress.
In the following paragraphs, we briefly review the recent
advances in three major aspects, namely, the device archi-
tecture, ion migration, and encapsulation. These cumulative
understandings not only promote the technical development
of perovskite PVs with commercially acceptable stability,
but also shed light on the future research and design of hybrid
crystalline materials for optoelectronic applications and be-
yond.

5.1 Functional layers

The most popular PSCs follow the basic configuration of thin
film solar cells, wherein each functional layer is sequentially
deposited to construct a full cell. The degradation in any
single layer leads to the failure of the entire cell. To under-
stand the stability of the entire cell, therefore, it is intuitive to
probe the properties of individual components and their in-
teraction. Here, we extend the following discussion to cover
absorbers, passivators, carrier transport materials, and elec-
trodes, with an emphasis on some key advances.

5.1.1 Absorbers
As ionic soft crystals [239] (Figure 19a), perovskite absor-
bers are susceptible to illumination, heat and electric bias,
which will lead to deep-level defect formation, ion migra-
tion, phase segregation and chemical reactions. To mitigate
the operational instability, significant efforts were witnessed
to stabilize perovskite absorbers through various strategies,
especially component engineering and additive engineering
[240-243].

For lattice design and composition optimization, Gold-
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Figure 19 (a) Crystal structure of ABX;-type metallic halide perovskites
[257]. (b) Tolerance factor of APbl; perovskite with different A-site cations
[258]. (c) Schematic illustration of the proposed distribution by in-
corporating the equimolar fraction of MDA and Cs cations within the
perovskite crystal [248]. (d) X-ray fluorescence mapping indicates het-
erogeneous distribution of Br as a function of alkali metal incorporation
and stoichiometric composition of the perovskite films [253]. (e) Poly-
morphic character and metastability of CsPbl; [259]. (f) Proposed me-
chanism diagram of cyclic elimination of Pb’ and I° defects and
regeneration of Eu’"-Eu”" metal ion pair [32]. (g) The best long-term sta-
bility of the device tested at 60—65 °C under metal-halide lamps [251]
(color online).

schmidt tolerance factor (t = (R, + Ry )/~/2 (Rz + Ry)) is of-
ten used as an empirical index [244] (Figure 19b). The value
in the range of 0.8-1 (e.g., MAPbI;) is favorable for per-
ovskite structure; however MAPbI; suffers from thermal
instability [244]. When ¢ is larger than 1, (e.g., FAPbI;) or
smaller than 0.8, (e.g., CsPbl), corresponding perovskite
structures are often unstable. Mixing cations with different
radius to adjust ¢ value is effective to stabilize photoactive
perovskite phase. Cations with smaller radius such as Rb"
and Cs' could be incorporated with larger FA" to form stable
alloyed perovskite [245-247]. Strain provides an alternative
perspective to explain how mixing cations stabilized per-
ovskite. For example, smaller radius Cs~ was used to release
the strain induced by larger MDA’" in FAPDI;, and the re-
sultant PSC can maintain over 90% of its initial efficiency
after 600 h of MPP tracking [248] (Figure 19c). Similarly,
large cations such as DMAI [249,250], were able to stabilize
CsPbl; with smaller cations. Due to the complexity of alloy
perovskite composition, a high-throughput screening plat-
form was developed. It was found that FAMACs based
perovskite alloy with specific ratio was thermodynamically
stable. The corresponding devices retained 99% of its peak
efficiency after 1,450 h of continuous operation at 65 °C
(Figure 19g) [251].

Despite improved stability in alloyed perovskite
[81,251,252], multiscale heterogeneity of composition might
induce phase segregation and thus material degradation
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[253-255] (Figure 19d). Strain engineering is also one im-
portant strategy to stabilize perovskite phase. For example, a
rapid cooling process could induce interfacial clamping and
strain in the absorber film, which stabilizes black phase of
CsPbl; at room temperature (Figure 19¢). Besides, strong
coordination between additive and Pb> in perovskite also
brings substantial lattice distortion. The resultant tetragonal
phase of FAPDI; is photoactive and more stable than pure
cubic FAPbI; [255].

In addition, it is popular to introduce additives during film
growth to improve material stability. Ionic additives are
widely investigated due to the ionic nature of perovskites.
Commonly used MACI was incorporated to promote the
intermediate for o-phase FAPbI;, which suppressed detri-
mental d-phase formation [11]. The introduction of ionic li-
quid BMIMBF, inhibits ion migration significantly [70],
resulting in PSCs loss of only 5% PCE under full-spectrum
sunlight for 1,800 h at over 70 °C. A piperidinium salt re-
tarded compositional degradation and pinhole formation, and
corresponding PSCs retain 95% of initial PCE under illu-
mination at 85 °C for 1,200 h [69]. Formate (HCOO ) was
found to have a higher binding affinity towards iodide va-
cancy through coordination, compared with CI', Br, I and
BF, [194]. In addition, fluorides were reported to form
strong interaction with perovskite for phase stabilization
[256]. PSCs with fluoride kept 90% of the initial PCE after
1,000 h MPP tracking. Moreover, perovskites also suffer
from redox damage, where Pb’" and I decomposed into Pb’
and I, respectively. A Eu’/Eu”" redox shuttle was in-
troduced to continuously eliminate Pb’ and I, resulting in
devices with improved operational stability [32] (Figure 19f).

5.1.2  Passivators
Due to their high reactivity, perovskite surfaces are prone to
accommodate various types of defects. The pristine surface
was reported to show high recombination rate, which is
critical to device efficiency. Moreover, it is susceptible to
water and oxygen erosion, which further triggers ion mi-
gration and phase segregation. Passivation layer that heals
the surface defects, inhibits ion migration and protects per-
ovskite against humidity and oxygen, is crucial for stabiliz-
ing PSCs. These passivation layers include ionic crystal salts
with or without halide, and neutral molecules, which are
intensively investigated in the following categories.

(1) Halide salts

Halide salts are widely used as surface passivator for ef-
ficient and stable PSCs. Quaternary ammonium halides were
first used in organic-inorganic hybrid perovskites (OIHP)
and improved the efficiency and stability of PSCs success-
fully [260]. The choices of halides and cations significantly
influence their impact on device performance. Longer length
of alkyl chain could increase the humidity resistance and
thermal stability significantly [261]. Higher electrostatic
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potentials (¢,,,) at the —NH," side bring better surface ad-
sorption of ammonium cations (Figure 20a), to achieve PSCs
with high efficiency and stability [162].

The use of halide salts is generally considered to form 2D
perovskite on the surface. A 2D perovskite layer could form
with both n=1 and »=2 at room temperature and showed
better energy level alignment than that with bare n=1 (Figure
7b), which enabled the remained 95% of the initial PCE after
1,200 h damp heat test [81]. The halide choice was also
found to strongly affect the dimensionality of 2D perovskite
as chloride forms 2D perovskite with both n=1 and »=2 but
bromide or iodide only forms n=1 2D perovskite [262]. In
addition, 2D perovskites include not only Ruddlesden-Pop-
per structures (RP) formed with monovalent cations, but also
Dion-Jacobson (DJ) structures. Metastable DJ 2D perovskite
surface layer with an asymmetric bulky organic molecule
could enable sufficient hole transport and improve PCE as
well as stability of the PSCs [263]. Some inorganic halides
can also form two-dimensional structures. The use of cesium
chloride (CsCl) is able to form 2D Cs,Pbl,Cl, on the surface
of inorganic perovskite CsPbl;. Based on degradation ac-
celeration analysis, the Cs,Pbl,Cl, capping device was pre-
dicted to be stable for over 5 years operating continuously at
35 °C (Figure 20b) [264]. In addition, without forming 2D
structure, MgF, also showed beneficial influence due to its
hydrophobic nature and low metal ion diffusivity, resulting
in the PSCs with retaining 95% of its PCE after 1,000 h damp
heat test [144].

(2) Non-halide salts

Stronger bonding between passivation layer and the per-
ovskite surface is essential to prevent film degradation. Yang
et al. [54] reported PSCs with 96.8% PCE remaining after
1,200 h operation by using a chemically stable inorganic lead
oxysalt (Figure 20c). PbS was also realized by a surface
sulfidation treatment (SST) to construct stable heterojunc-
tions, which effectively inhibits ion migration and improved
device stability [82]. Tosylate (TsO ) was found to induce a
striking negative surface charge displacement, leading to
positive work function change, bringing higher activation
energy on ion migration, which retained 88.5% of its initial
PCE after operating for 2,092 h [53].

(3) Neutral molecules

Other types of electron transport and the bonding inter-
action also played an important role in improving device
stability. A sandwiched electrode buffer (SEB) was in-
troduced by employing 2,3,5,6-tetrafluoro-7,7,8,8-tetra-
cyanoquinodimethane (F4-TCNQ) at the two interfaces,
perovskite and HTL, as well as HTL and electrode [265].
The SEB successfully improves carrier extraction, and re-
stricts the escape of organic cations and halogen anions, thus
improving device stability. Strong Pb—CI and Pb—O bonds
using a chlorinated graphene oxide (CI-GO) layer achieved
PSCs at larger scale , which were stable at continued oper-
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Figure 20 (a) Electrostatic potentials of different ammonium [162]. (b)
Structure of Cs,Pbl,Cl, capping layer and resulting device stability [264].
(c) Schematic illustration and distribution of inorganic lead oxysalt layer
and resulting device stability [54] (color online).

ating for 1,000 h (90% of initial PCE was remained) [58].

5.1.3  Carrier transport materials

ETLs, as the electron extraction and the hole blocking ma-
terials, are important in high-performing PSCs. Early, people
used TiO, in PSCs, which is a typical photocatalytic material
[266]. Due to the photo-instability of TiO,, another inorganic
ETL SnO, is gradually adopted for highly efficient and stable
PSCs [40,267]. Yoo et al. [214] developed an ETL of SnO,
with ideal film coverage, thickness, and composition by
chemical bath deposition (CBD-SnO,, Figure 21a). Fur-
thermore, Min et al. [44] reported the formation of an in-
terlayer at ETL/perovskite interface by coupling Cl-bonded
SnO, with a Cl-containing perovskite precursor, which suc-
cessfully reduced interfacial defects. The devices maintained
about 90% of their initial efficiency after continuous light
exposure for 500 h without encapsulation. In inverted PSCs,
inorganic ETLs have also been used to replace organic ETLs
due to their inherent high stability [81,177]. Azmi et al. [81]
deposited a ~10 nm layer of SnO, by atomic layer deposition
to replace the BCP layer, and the inverted cells retained
>95% of their initial PCE after >1,000 h at damp-heat test
conditions (encapsulated cells exposed to 85 °C and 85%
relative humidity in the dark). The stability of PSCs can be
greatly improved by preparing uniform and dense ETL films
with intrinsic high stability.

HTLs are responsible for efficient hole extraction at the
perovskite/HTL interface. The devices employing spiro-
OMEeTAD are the most popular, which show the highest PCE
currently. However, spiro-OMeTAD has been demonstrated
to be unstable due to its low glass transition temperature and
hygroscopic dopants inside [268]. To improve the stability of
HTLs, Jeon et al. [269] introduced a fluorene unit as a new
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Figure 21 (a) Schematic illustration of the overall reaction mechanism
for the formation of the SnO,-based films [214]. (b) Chemical structures of
spiro-OMeTAD and DM [269]. (c) Stability of the devices stressed at
different temperatures of 60, 70 and 80 °C in air (~25% RH) with DM and
spiro-OMeTAD [269]. (d) Long-term stability of spiro-OMeTAD, Spiro-
mF, and Spiro-oF-based devices in air (~50% RH) without encapsulation
[270]. (e) Schematic of the double HTL based PSCs and the corresponding
cross-sectional backscattered electron imaging of the device [251]. (f) The
stability of encapsulated cells based on P3HT:CuPc and spiro-OMeTAD
HTL during damp heat tests [39] (color online).

peripheral group instead of p-anisole for spiro-OMeTAD,
which tuned energy level and glass transition temperature to
ensure highly efficient and thermally stable PSCs (Figure
21b, c). Jeong et al. [270] synthesized fluorinated isomeric
analogs of spiro-OMeTAD, which improved the long-term
stability in wet conditions due to the hydrophobicity through
the C—F bond (Figure 21d).

In addition, polymer based HTLs have also made great
progress in recent years, such as poly(triarylamine) (PTAA)
and poly(3-hexylthiophene) (P3HT). Ultrathin and pinhole-
free undoped PTAA film could be used to fabricate efficient
and stable inverted PSCs [54,62]. However, the PTAA layer
requires a larger thickness to fully cover the rough perovskite
crystal film in regular PSCs. Therefore, in order to increase
hole mobility, p-type doping of PTAA is required. Zhao et al.
[251] developed a double HTL structure by superimposing
Lewis acid tris(pentafluorophenyl)borane doped PTAA on
undoped polymer poly[5,5'-bis(2-butyloctyl)-(2,2’-bithio-
phene)-4,4'-dicarboxylate-alt-5,5'-2,2'-bithiophene]
(PDCBT, Figure 21e). PDCBT provided a barrier between
the perovskite and Lewis acid doped polymer and improved
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the device performance stability. The unencapsulated de-
vices maintained 99% of the initial efficiency after con-
tinuous operation at 65 °C for 1,450 h (Figure 19g). Peng et
al. [39] blended P3HT with another thermally stable HTL,
copper phthalocyanine (CuPc), to prepare highly crystalline
films with excellent hole transport properties. The P3HT:
CuPc-based cell retained ~91.7% of its initial efficiency after
1,009 h at damp-heat test conditions (Figure 21f).

Inorganic HTMs such as nickel derivatives, copper deri-
vatives, can also play a role in hole transport in PSCs. Azmi
et al. [81] fabricated damp heat-stable PSCs using KCI-
passivated NiO, as HTL, and the inverted cells retained
>95% of their initial efficiency after >1,000 h at damp-heat
test conditions.

At present, polymer HTLs exhibit good intrinsic stability
and hole transport properties, which can potentially enable
long lifetime for high-performing PSCs. Further develop-
ment may focus on the synthesis of new efficient and stable
polymer HTLs or efficient and stable p-type doping for
polymer HTLs. Moreover, the materials cost will be another
potential issue when aiming at commercialization.

5.1.4  Electrodes

Electrodes are deposited on the carrier transport layers, as the
current collectors of PSCs. They can be metals, TCO or
carbon-based materials. Although common electrodes, such
as Au, Ag, Cu and Al are feasible to produce high-efficiency
devices, they are unstable due to the diffusion and reaction
during device operation [241,271,272]. Even Au will corrode
in the presence of reactive polyiodide melts [273]. Besides,
the presence of metal in perovskites often leads to deep de-
fect energy levels [274].

To address the stability issue of electrodes, one straight-
forward method is to directly replace unstable electrodes
with stable ones. For example, Mo has been reported to have
a diffusion barrier of 0.85-0.95 eV, much larger than that of
Au (0.42 eV) or Ag (0.27 eV) [275]. Besides, the reaction
between Mo and perovskite is thermodynamically unfavor-
able [276]. However, the stability improvement sacrificed
device PCE (11.38%) due to the shallow work function
(—4.6 eV) and/or the damage to the underlying layers during
the sputtering process (Figure 22a) [277,278]. Alternatively,
metal electrodes can also be replaced by carbon or TCO top
electrodes to achieve decent device efficiency. However,
both carbon (6-180 Q sq ') and TCO (9.9-56 Q sq ') have
electric resistivity two orders of magnitude higher than me-
tals [278-280]. In this aspect, single Ti adatoms anchored on
reduced graphene oxide were reported. It resulted in the
device with an efficiency of 20.6%, which retained 98% of
the initial values after aging for 1,300 h under illumination
[281]. Recently, bifacial devices with ITO top electrode
achieved an efficiency of 16.1% and exhibited no degrada-
tion after being stored for over 2,000 h (Figure 22b) [282].
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The other common method to protect the electrode is to
introduce a robust barrier layer including some tough metals
(Bi, Ti, Cr), metal oxides [276,283-285], carbon materials
[286], TCO (not an independent electrode but a buffer layer)
[287]. It is essential to control the thickness of the barrier
layers, which guarantees a small series resistance within the
contact. Moreover, self-assembled monolayers or in-situ
deposited 2D materials were found to realize compact thin
layer’s coating. For example, electrodes of copper-nickel
alloy stabilized by in situ grown bifacial graphene were re-
ported (Figure 22d) [288]. The resulting devices achieved a
power conversion efficiency of 24.34% and retained 97% of
the initial efficiency after 1,440 h at 85 °C with 85% relative
humidity. Actually, the suppression of the electrode diffusion
does not necessarily need a compact barrier layer. Additives
in the adjacent layers can also retard the inward electrode
diffusion through strong chemical coordination (Figure 22c)
[289].

The erosion of electrode materials under environmental
factors can be substantially mitigated by encapsulation, which
effectively blocks oxygen and water. For the B2C market, the
designed life span of PSCs is 3 to 5 years. The commonly
used metal electrodes have already met the stability re-
quirements, as reported in the laboratory [62,290]. Anyway,
the choice of electrode materials together with the design of
matched device structures should never be neglected since it
not only impacts the processing complexity and costs but
also influences the devices performance (Table 1).

5.2 Ion migration

Ion migration is one significant challenge for the long-life-
time devices (Figure 23a, b) [291]. Detailed understanding
regarding ion migration has been summarized in some pre-
vious reviews [292-296]. This part mainly focuses on the
influence of ion migration on device stability which is an
intrinsic issue that cannot be simply addressed by device
encapsulation.

5.2.1 Irreversible performance decay
Halide perovskites are soft ionic crystals, and the interaction
between organic cations and inorganic frames are dominated
by ionic and hydrogen bonds. Taking the MAPbI; as ex-
ample, the binding energy between MA" cations and in-
organic frames is only ~260 meV [239]. The critical electrical-
field for ions to migrate in MAPDI; is only ~0.3 V/um,
compared with the built-in electrical field which is in the
order of 3.0 V/um in a practical solar cell [297]. So, the ion
migration effect is inevitable throughout the whole working
lifetime of solar cells.

Huang et al. [298] reported that the decomposition of
MAPbL, into Pbl, is reversible once the MA” and I can be
injected back to the Pbl, phase (Figure 23c):
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Figure 22 (a) Energy band diagram of PSCs with various electrodes and
the corresponding photographs of devices after being exposed in the air for
2 h. The Ag and Cu electrodes of the solar cells are exposed in the air for
several hours, and the edge of the metal blurred, while this phenomenon is
not observed in devices with the Ni, W, and Mo electrodes. (b) The stability
evaluation of semitransparent and opaque PSCs stored in a N,-filled glo-
vebox [282]. (c) Device structure and schematic of the BCP layer with
1,3,5-triazine-2,4,6-trithiol trisodium salt [289]. (d) The operational stabi-
lity of the encapsulated Ag, Au, Cu-Ni alloy with bifacial sprayed graphene
as the electrode and graphene/Cu-Ni/graphene composite as the rear elec-
trode devices at the MPP under 1-sun illumination [288] (color online).

MAPbL;—PbL+MA +I )
PbI,+MA "+ —MAPbI, 3)

The thermodynamic equilibrium between reaction (2) and
(3) suggests that the ion migration effect is a double-edged
sword. It promotes perovskite decomposition and also en-
ables perovskite self-healing [34,299,300].

The permanent loss of mobile ions in the perovskite crystal
can be caused by chemical reaction and outward escaping
processes. For instance, I can suffer from redox reaction to
form radical I" atoms and/or volatile I, according to the
following electrochemical reactions [301]:

[ —I+e @)

These excessive I, molecules can either evaporate [298] or
bound with the negatively charged I to form I; . It is det-
rimental to hybrid perovskite because it dehydrogenates
MA" cations [302] to generate MA, 1,, and HI. Meanwhile
the migrating MA" ions can incorporate into the lattice to
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Figure 23 (a) Illustration of the A-site and X-site ions migrating in
perovskite crystal [292]. (b) Photos of the ion migration induced decom-
position of perovskite material during electrical poling [291]. (c) Reversible
conversion between MAPbI; and Pbl, phases due to mobile ions coming
out of perovskite (reaction 1) or ions injected into Pbl, (reaction 2). The
formation of I, by the redox reaction of I (reaction 3) are also illustrated
[298] (color online).

form solid solution. Once the accumulated MA " ions become
over 30%, they will form volatile MA molecules.

The migration of mobile ions within the perovskite to the
organic transport layer is another important source of ion
loss. The mobile species (e.g., MA’, FA", I, MA, FA, 1)
move to the organic transport layer (spiro-OMeTAD,
PCBM) and even to the metal electrodes (Au, Ag, Cu). It can
cause irreversible decomposition in the perovskite layer,
which is also detrimental to electrodes and transporting
layers. Using internal ionic blocking layers to suppress ions
escaping is critical to improving the stability of PSCs. Suc-
cessful blocking layers include: metal oxide (e.g., Cr,04
[303], AL,O; [304], SnO, [182]), 2D inorganic materials
(e.g., graphene [286], graphitic carbon nitride [7]), 2D per-
ovskites [6,305], compact lead salts (e.g., PbSO, [54], hex-
amethyldisilathiane-sulfurized pyridine-2-carboxylic lead
[82]), inert metal (e.g., bismuth [276]), cross-linkable ma-
terials (e.g., silane derivatives [306], benzotriazole [233])
and ion-binding organic molecules (e.g., rubrene [307],
boron chloride subphthalocyanine [308], ferrocenyl-bis-
thiophene-2-carboxylate [62]).

5.2.2  Interplay between ion migration and other decay
mechanisms

Various aging factors (illumination, electrical field, thermal
stress, moisture, oxygen, efc.) play their roles simultaneously

Table 1 Stability results of perovskite solar cells with representative structures based on different electrodes
Device structure PCE (%) Testing Results Reference

ITO/PTAA/perovskite/Cq/BCP/Ag 25.0 Tys of >1,000 h under the damp heat test (85 °C and 85% RH) [62]
ITO/NiO,/perovskite/Cq/SnO,/1Z0/Ag 20.3 Ty, of 1,008 h under the damp heat test (85 °C and 85% RH) [81]
FTO/SnO,/perovskite/PTAA/Au 21.3 To; of >1,050 h under the damp heat test (85 °C and 85% RH) [51]
ITO/PTAA/perovskite/PbSO,/Cy/BCP/Cu 19.44 Tos of > 1,200 h MPP tracking under 65 °C and ~60% RH [54]
FTO/c-TiO,/mp-TiO,/perovskite/spiro-OMeTAD/Ti-rGO 20.6 Tos of 1,300 h MPP tracking at 60 °C in N, [281]
ITO/SnO,/perovskite/spiro-OMeTAD/ITO 16. No obvious decay stored in a N, under ambient light for over 2,000 h  [282]
FTO/NiMgLiO/perovskite/PCBM/BCP/Bi/Ag 18.72 Ty of > 500 h MPP tracking at 45 °C in N, [276]
FTO/SnO,/perovskite/PTAA/EVA/ graphene/Cu-Ni/ graphene  23.3 Ty7 of 1,440 h under the damp heat test (85 °C and 85% RH) [288]
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during device operation to impact the efficiency loss. It is
important to understand how different decay mechanisms
cooperate with each other and open up additional decay
pathways. A key route to clarify this question is to track the
formation, migration, and detrimental roles of point defects
under different aging factors [309].

Incident light impact a lot on ion migration in the fol-
lowing aspects: (1) the rebuilding of the local electrical field
causes a redistribution of mobile ions [310-312]; (2) the
lattice is “softened” due to the reduced hydrogen bonding
between organic cations and inorganic flame (e.g., by 70 meV
in MAPbI;); (3) the photocarriers weaken the Coulomb at-
traction between mobile ions and lattices by screening effect
[313], featured as reduced activation energy for ions to move
under light [314,315]; (4) the photogenerated holes oxidize
I ions and promote I or I, diffusion [316], which offers an
explanation to the widely observed photo-induced phase
separation in mixed halide perovskites [317].

Electric bias leads to the formation of thermally activated
traps by triggering ion migration [318]. Consequently, per-
ovskite materials show fatigue properties under alternate
working conditions leading to the degradation of PSCs. Due
to these concerns, in a consensus statement formed in 2020,
additional bias stability (ISOS-V) and light cycling (ISOS-
LC) were recommended to evaluate the intrinsic stability of
PSCs [319].

It is known that most of the mobile ions (e.g., MA4,, V', V1,
I) in perovskites are shallow traps that do not affect the PCE
of fresh devices [320]. Huang group [321] found that adding
0.25 mol% excessive Csl does not change the PCE, but the
stability of device under illumination has been improved by
3—10 times due to a reduced initial V; concentration. In the
presence of O, impurities, ¥} as the site of store O, molecule
and trap electron, which significantly promotes the formation
of detrimental O, under illumination [322], resulting in H,O
and volatile MA molecules. These results suggest that those
mobile, inconspicuous shallow defects would play important
roles during the long-term operation of PSCs.

Yet, insights to the cooperation among different degrada-
tion processes are insufficient. The accumulated I or MA”
(or their vacancies) dissolved in the local perovskite lattice
are impurities. It changes the Goldschmidt tolerance factor
(t) of local crystal, the doping level of local perovskites
[297,323], the electrochemical reaction activity of per-
ovskites [322,324], and potentially weakens the hydrogen
bonds between A-site cations and inorganic frameworks
[325]. Tong et al. [326] proposed that the transient lattice
distortion caused by I ions movement can induce deep traps
and increase local nonradiative recombination rate by one
order of magnitude. Zhao et al. [327] reported that the energy
barrier for ion migration to migrate in MAPbI; decreases (e.
g., from 0.39 to 0.29 eV) with tensile strain due to the lattice
expansion, and increases (e.g., from 0.39 to 0.53 eV) with
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compressive strain.

Up to now, the advances to solve the problem of ion mi-
gration in PSCs are remarkable [292,293,295,296]. How-
ever, eliminating the mobile ions inside perovskites is still
challenging. Insights and strategies to incorporate ion mi-
gration and other decay mechanisms are important to im-
prove long-term working stability of solar cells.

5.3 Encapsulation

To improve the long-term stability of PSCs and extend their
lifetime, encapsulations are generally recognized as an in-
dispensable technique [328]. The encapsulations for PSCs
can be roughly divided into internal and external en-
capsulation depending on the device configuration [329].

Conventional encapsulations for photovoltaics mainly fo-
cus on external encapsulation that obstructs the ingression of
moisture and oxygen. However, due to their ionic nature,
perovskites suffer from intrinsic instability such as chemical
reactivity with adjacent layers, photodegradation, and ion
migration. Therefore, internal encapsulations are developed
for PSCs to extend their service time and boost their per-
formance simultaneously.

UV curable adhesives were the firstly employed as the
PSCs encapsulant, due to their merits of solvent-free pro-
cessing and high transparency. For example, coating photo-
curable resins onto the PSCs could achieve relatively stable
outdoor operation [330]. However, their inherent dis-
advantages [331-333] surged the emergence of novel en-
capsulation technologies. For instance, Lee et al. [334]
deposited multilayers of functional barriers onto the PSCs as
thin-film encapsulation and their corresponding device re-
tains 97% of the initial PCE after being exposed to the
condition of 50°C, 50%RH for 300 h.

Vacuum lamination encapsulation has also been con-
sidered as a promising technology (Figure 24a). It was re-
vealed that the compatibility between lamination fillers and
PSCs greatly affects the final effectiveness [335,336], which
is as important as the waterproofing of encapsulation itself.
In that case, polyisobutene (PIB) edge encapsulation appears
to be the most effective for PSCs under harsh test conditions
[337] and exceeds the requirement of the IEC61215:2016
standard for the first time [338]. Recently, Azmi et al. [81]
integrated PIB edge seal vacuum lamination technology and
2D/3D heterojunction as an encapsulation system, resulting
in 95% PCE retention (initial at 24.3%) after 1,000 h damp-
heat test condition.

The internal encapsulation aims at improving the intrinsic
stability of the perovskite active layer and relevant contacts,
which is unique and inevitable for PSCs.

Grain boundaries are typical modification sites for internal
encapsulations. Liu et al. [339] applied in-situ formed
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Figure 24 (a) Typical vacuum lamination encapsulation structure. (b)
General schematic diagram of the PSCs encapsulation (color online).

amorphous silica to the grain boundaries of perovskites to
delay the phase transformation from photoactive phase to
non-photoactive phase, which results in 97% retention of its
initial PCE after 1,000 h ambient atmosphere storage. In
addition, it improves the charge-carriers dynamics of the
perovskite active layers as well. Another common strategy is
to construct a heterojunction at the grain boundaries of per-
ovskites to reduce the defect density and suppress the ion
migration [305].

Interface encapsulation is a frequently applied strategy too.
McKenna et al. [340] investigated several common polymer
encapsulants and their potential as functional interface bar-
riers of MA-based PSCs and concluded that the improve-
ments caused by coated polymers are highly related to their
physical properties. Figure 24b displays the basic scheme of
PSCs and all its potentially modifiable interfaces. Parts I and
IV: physically isolate cells from the outside, part II: diminish
the effects of UV light, and parts III and V: improve the
structural stability of perovskite. Thereby the device could be
systematically stabilized by the synergistic effect of interface
encapsulations.

Electrode encapsulation has also attracted much attention
recently due to its non-negligible erosion during device
aging. Zai et al. [265] fabricated a sandwiched electrode
buffer, which enhances the PCE to 23.4% (certificated), and
only 3% PCE was lost during the 2,000 h maximum power
point tracking.

Besides, it should be noted that the encapsulation of PSCs
has extra value beyond protecting the device [341], e.g.,
preventing lead leakage by slowing down the dissolution rate
of perovskite composition [342] or deploying self-healing-
based encapsulation [343].

In short, the quest for compiling with current PSCs leads to
a complex variety of materials, processing, schemes and
their combination when developing suitable encapsulation.
What is more, the multifarious characterization also in-
creases the difficulty in comparing and evaluating the va-
lidity of encapsulation strategies. The working mechanisms
should be revealed in line with technical advances. Hence,
we genuinely advocate establishing a unified encapsulation
test standard for PSCs devices to obtain comparable data that
can be circulated over the community for meaningful inter-
pretation and analysis.
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6 Application

PSCs have the advantages of low temperature processing,
low cost, light weight, adjustable band gap from 1.2 to
2.6 eV and high resistance to the radiation in outer space.
These advantages make PSCs have broad industrialization
prospects in the indoor application, flexible electronics, and
outer space application, which will be summarized in this
chapter.

6.1 Indoor applications

Indoor photovoltaics (IPVs) have attracted major interest and
developed rapidly in the context of the quick development of
modernization due to a gap in the need for billions of self-
powered electronic gadgets [344]. OSCs, DSSCs, GaAs, and
a-Si-based IPVs have all seen significant development in
recent years [345-348]. However, the drawbacks of these
indoor photovoltaic systems include their high cost, in-
compatibility with outdoor light, difficulties in manufactur-
ing flexible devices, and relatively low efficiency. The
possibility of commercializing perovskite indoor photo-
voltaics (PIPVs) is increased by its benefits meeting the in-
ternet of things (IoT) requirements, which include low cost,
fabrication of flexible PSCs, and easily adjustable band gaps
[349-352].

6.1.1  Superiorities of PIPVs
To achieve a low level of the energy cost compared to con-
ventional fossil fuel energy, PIPVs should combine the ad-
vantages of low cost, great performance, and long-term
stability. Based on preliminary life cycle assessment results,
PSC modules are projected to have a lower environmental
impact and the merit of shorter energy payback time (EPBT)
[353]. Future decreases in the production cost of PSCs are
projected as a result of the rise in continuous operation
length, which can drastically lower the maintenance and
replacement costs of photovoltaic modules. Additionally,
several research teams have examined the production costs
of PSC modules and derived precise estimates of the leve-
lized cost of power (LCOE). The PSCs’ manufacturing costs,
according to the calculations by Egan et al. [230], range from
$ 87 to 140 m °, with LCOE values of 9 to 19 cents per kWh.
The tunable band gap of perovskite materials makes them
particularly desirable for use in IPV applications. Different
indoor light sources have different indoor spectra as shown
in Figure 25a [354], so choosing a perovskite with a
matching band gap can maximize the indoor efficiency of the
PSCs theoretically. Methylammonium lead iodide (MAPbI;)
served as the foundation for the first PSCs with the band gap
of 1.55 eV, which evolved to replace various sites and ex-
tended to other perovskite compositions [1]. The band gap of
perovskites can be changed from infrared (1.15eV) to ul-



2402 Luo et al.

booo00000000e
00 02 04 06 08
Voltage (V)

Figure 25 (a) Emission spectra of different light sources, where CFL is
compact fluorescent. (b) A typical setup for PCE measurement and sche-
matic illustrations of each component. (¢) J-V curves measured under
different illumination (color online).

traviolet (3 eV) through compositional engineering of mixed
various cations or anions. Undoubtedly, as solar technology
develops, more and more perovskite materials can be used in
place of cations and anions to produce high-performance
PIPVs. In addition, PIPVs need to be made using large-area
flexible manufacturing processes since IoT devices are dur-
able, wearable, and portable. Compared to other production
methods, the continuous R2R process makes perovskite thin
films much more quickly and efficiently. The low PCE of
this approach, however, restricts further progress. Flexible
large-area PIPV cells for the creation of cutting-edge meth-
ods improve the device’s operation, which include en-
gineering of the component, the interface, and the solvent
atmosphere.

6.1.2  Precise measurement of IPVs

It is critical to accurately evaluate the photovoltaic perfor-
mance of IPVs. In our daily lives, we use a variety of indoor
lighting alternatives, including indirect sunlight, in-
candescent, halogen, fluorescent, light-emitting diode
(LED), and other low-intensity (200—1,000 lux) light sour-
ces. To calibrate indoor light sources, Wong et al. [355]
advised using a general-purpose LED light meter with Na-
tional Institute of Standards and Technology (NIST)-trace-
able calibration. They also advised using the maximum
power point P, and PCE values to precisely assess device
performance. Hou et al. [356] recommended that the fol-
lowing components should be included in a precise IPV test
as shown in Figure 25b in order to calibrate indoor light
sources. (1) The stability of the indoor photovoltaic mea-
surement light source should be less than 2%. The test must
be conducted in a well-lit area with a spatial distribution of
light intensity of less than 2%. (2) To test PCE, use a mask
with the same or smaller size than the transparent substrate of
the cells. (3) Spectrometers work better for calibrating in-
terior light sources than illuminometers. (4) Comparing the
integrated-Jgc and actual Jg¢ differences by no more than 5%
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can be used to validate the test’s correctness.

6.1.3  Developments and opportunities of PIPVs

The performance of perovskite photovoltaics in low light
was originally reported by Chen et al. [357] in 2015 by
optimizing the manufacturing process for the electron
transport layer. Then, PCBM was modified using 1-butyl-3-
methylimidazolium tetrafluoroborate ionic liquid in an in-
verted PSC in 2018 by Li et al. [358]. Under a fluorescent
lamp with 1,000 lux, the generated PSCs displayed a record
indoor PCE of 35.20%. The ground-breaking effectiveness
directed subsequent PIPV research and development. Three
years later, in 2021, He et al. [359] used micron-thick per-
ovskite films to reach a record low-light PIPVs efficiency of
over 40%.

High-performance PIPVs can be created using the all-in-
organic perovskite material CsPbBrl, (1.89 eV), given the
accordance between its bandgap and the spectrum of indoor
light sources (200-700 nm). Wang et al. [360] looked into
the morphology, composition and defects of CsPbBrl, films
using the smelting multiple recrystallization approaches. The
crystal structure was improved, producing perovskite films
of excellent quality and with much lower trap densities of
states. A greater indoor PCE of 33.50% (LED 2,956 K, P;,:
33441 W/cmz) was obtained in the final optimized photo-
voltaic device. Compared with rigid devices, flexible PSCs
can provide a more suitable surface for indoor small elec-
tronics, making them promising for indoor applications.
Chen et al. [361] firstly studied indoor flexible PSC photo-
voltaics. To achieve full-dimensional stress release, they
chose a 3D cross-linking chemical called borax to penetrate
perovskite films’ grain boundaries. The device exhibits an
outstanding indoor PCE of 31.85% at 1,062 lux because of
the low trap density of states under indoor illumination as
shown in Figure 25c. The toxicity of photovoltaic devices is
also a crucial factor for ultimate market selection because
indoor photovoltaics are more likely to come into contact
with humans. For the first time, lead-free tin-based per-
ovskites were used in PIPVs by Yang et al. [362]. This work
greatly boosted the prospectspect of lead-free PSCs for [PV
applications .

6.2 Flexible applications

Flexible PSCs have great attractions for their much desired
advantages in portability, compatibility, R2R continuous
production for potentially much lower cost and the high
power-to-weight ratio [46,363—-366]. In just a few years, the
highest efficiency of flexible PSCs has exceeded 22.44%
[367] due to the good quality of the perovskite thin films
achieved by various low-temperature fabrication methods
and the great achievements in developing the suitable in-
terface and electrodes materials. The big difference between
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rigid and flexible PSCs originates from the conductive sub-
strate. Therefore, this section mainly focuses on the recent
impressive advances in flexible electrodes including (1) the
demonstrated TCO electrodes in flexible PSCs, according to
the following factors, such as high transmittance, good
conductivity, suitable energy level and easy operation at low-
temperature; (2) developed flexible opaque electrode mate-
rials to enhance the mechanical stability of flexible devices.

6.2.1  Flexible transparent conductive electrodes

There are two types of electrodes in flexible PSCs. One is a
TCO, and the other is a flexible opaque electrode. Flexible
TCOs not only have high optical transparency and good
electrical conductivity for ensuring enough light absorption
and smooth charge transport, but also need to be durable to
keep the photoelectric properties during bending for their
mechanical stability. The commonly used TCOs in PSCs are
the metal oxide materials including ITO, FTO, aluminum
doped zinc oxide (AZO) [368,369], and 1ZO [332,368]. The
deposition temperature of FTO is more than 350 °C, which is
too high to be coated on flexible polymer substrates such as
polyethylene terephthalate (PET) and polyethylene naph-
thalate [370]. ITO, AZO and 1ZO are suitable as the flexible
TCOs in flexible PSCs because they could be fabricated at
low temperature. However, AZO easily reacts with per-
ovskite absorber, leading to the reduced efficiency of flexible
PSCs [368]. 1ZO shows a higher fill factor (FF) in flexible
PSCs due to the lower resistance [371], and flexible devices
based on ITO have better Jg because of the higher optical
transmittance [368]. Up to now, the most commonly used
TCOs in flexible PSCs are ITO coated on polymer substrates
owing to their excellent optoelectronic properties. The high
efficiency over 20% and record efficiency of 22.44% for
flexible PSCs are also based on ITO coated on polymer
substrates [367,372—-374]. However, ITO is brittle, resulting
in cracks during bending at a small radius (<4 mm)
[333,375,376], as shown in Figure 26a, b.

To overcome the fracture of brittle ITO film, other types of
flexible TCOs have been developed, including high con-
ductive polymer (PEDOT:PSS), graphene, metal nanowires
(NW) and ultrathin metal film. In general, the pristine
PEDOT:PSS has low electrical conductivity, and it often
needs to be modified to improve its conductivity. Bauer ef al.
[283] used DMSO and Zonyl FS-300 doped PEDOT:PSS as
an electrode on 1.4 pm thick PET substrates to fabricate
flexible PSCs, and the stabilized efficiency was up to 12%
with the remarkable endurance even under repeated com-
pression. Song et al. [377] employed glycol and Zonyl FS-
300 modified PEDOT:PSS to improve the conductivity of
about 40 Q/sq, yielding an efficiency of 12.32% for large-
scale flexible PSCs with excellent flexural endurance, re-
taining about 90% of the initial efficiency after 1,000 cycles
using a 2-mm-curvature radius. Choi et al. [378] adopted
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Figure 26 SEM images of PET/ITO substrate before (a) and after (b)
bending for 2,200 times, and the scale bars are 50 pm (main) and 5 pm
(inset), respectively [376]. (c) Structure of a flexible PSCs based on gra-
phene electrode; an inset is the photograph of the device [378]. (d)
Structure of flexible PSCs based on Ti wire [387]. (e) Structure of flexible
PSCs using CNT fibers [388] (color online).

wet-transfer 2D graphene as a transparent electrode to fab-
ricate flexible PSCs, and the structure is shown in Figure
26c. This transparent electrode showed a higher sheet re-
sistance of 552 Q/sq than that of ITO (13.3 Q/sq), but its
better-aligned energy level and higher transmittance led to
the comparable efficiency of 16.8% with the device based on
the ITO electrode (17.3%). The flexible device kept 85% of
the original efficiency after 5,000 bending cycles at a radius
of 2 mm. Hou ef al. [379] sandwiched the Ag NWs between
the monolayer graphene and the polymer matrix to attack
degradation. The hybrid electrodes significantly decreased
resistance to 8.06 (/sq, and the efficiency of MA-based
flexible PSCs was 10.4%. Ultrathin metal films have been
developed as flexible transparent electrodes due to the easy
preparation process and their excellent electrical and me-
chanical properties. Priya et al. [380] fabricated electrode Cr
(1 nm)/Au (7 nm)/MgF, (90 nm) with a transparency of
78.6% in 350 nm—1,200 nm and resistance of 16.3 Q/sq.
Bolink et al. [381] made electrodes by AZO (30 nm)/Ag (9

nm)/AZO (30 nm) with optical transparency of 81% in the
visible region and resistance of 7.5 Q/sq. Sun et al. [382]
used MoO; (3 nm)/Au (7 nm) film with a resistance of 19
Q/sq and light transmittance of about 70% to fabricate
flexible PSCs, and the efficiency was 9.05% with good
mechanical flexibility.

Compared to metal oxide flexible transparent electrodes,
although above mentioned flexible electrodes show good
mechanical stability, the efficiency is far away from the
highest value of flexible PSCs based on ITO. The relatively
large sheet resistance of PEDOT: PSS and graphene limits
the performance of PSCs. Ag NWs are the potential candi-
date as a flexible transparent electrode due to the low cost
and low-temperature solution-processed, but the chemical
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interaction with perovskite materials, high resistance due to
the node of Ag NWs, and the rough surface decreases the
efficiency of flexible PSCs. The low transparency of ultra-
thin metal-based flexible bottom electrodes also limits the
performance of flexible PSCs. Therefore, the record effi-
ciency of flexible PSCs based on a transparent electrode is
still dominated by ITO due to its high transmittance, good
conductivity, matched energy level and chemical stability
against perovskite materials.

6.2.2  Flexible opaque electrodes

The above section focuses on the flexible transparent elec-
trode which are the conventional bottom electrodes in flex-
ible PSCs. The flexible opaque electrodes are the
unconventional but promising strategy in flexible PSCs.
Metal foil and fabric electrodes can be employed as flexible
opaque electrodes thanks to their excellent mechanical en-
durance.

Metal foils such as titanium foil (Ti-foil) and copper foil
(Cu-foil) are the normally used flexible substrates. The most
frequently used TiO, electron transport layer is very con-
venient to be obtained on Ti-foil. Lee ef al. [383] reported a
record efficiency of 14.9% based on the flexible device
structure of Ti-foil/TiO,/MAPDI;/ultrathin Cu/Au. Com-
pared to conventional polymer/ITO substrate, Ti-foil shows
higher fatigue resistance, and outstanding mechanical sta-
bility. The flexible device based on TiO,-foil maintains
100% initial efficiency after bending 1,000 times at the
bending radius of 4 mm. Cu-foil-based flexible PSCs also
displayed good feasibility. Moshaii et al. [384] fabricated
cuprous iodide as the hole transport layer by exposing the
Cu-foil in iodide vapor, followed by deposition of per-
ovskite, ZnO electron transport layer, and Ag NWs trans-
parent top electrode, and the device shows the efficiency of
12.8%. The fiber-based flexible electrode has been applied to
photoelectric field such as supercapacitors, sensors, batteries
and solar cells, due to the potential of integration into
wearable textiles [385]. Peng et al. [386] first used a stain-
less-steel fiber as the cathode to fabricate the fiber-based
flexible perovskite solar cell. They adopted dip-coated
method to deposit electron transport layer, perovskite, and
hole transport layer, and then utilized the carbon nanotube
(CNT) array as the transparent electrode. The efficiency was
up to 3.3%, demonstrating the successful attempt for fiber-
based flexible perovskite devices. Zou et al. [387] employed
the Ti fiber as the flexible electrode to fabricate the per-
ovskite device, as shown in Figure 26d. TiO,, perovskite, and
spiro-OMeTAD were integrated into Ti fiber, and ultrathin
Au nanoparticles were used as the transparent electrode. The
device shows an efficiency of 5.3% under 1-sun illumination
and 8.3%-efficiency in a diffuse model. Li ef al. [388] used
the flexible multi-twisted CNT as the electrode, and Ag NWs
as the transparent electrode to fabricate the perovskite de-
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vice, as shown in Figure 26e. The flexible device gives an
efficiency of 3.03% without significant efficiency loss after
1,000 bending cycles.

Although both foil-based and fiber-based flexible PSCs
show excellent mechanical stability, the challenges in these
types of flexible PSCs are the cost and the top transparent
electrode manufacturing, which inspires us to seek other
types of flexible substrates and electrodes as the candidates.

6.3 Space applications

The outstanding PCE [74,389], high specific power (i.e.,
power to weight ratio) [390], superior compatibility with
flexible substrates [391], and excellent radiation resistance
[392] of PSCs render them potential candidates for next-
generation space photovoltaics. In this part, we will review
the recent progress in the research of PSCs for space appli-
cation. Firstly, the extreme environment in space and specific
requirements for PSCs are discussed. Secondly, the radiation
resistance of PSCs is reviewed. Thirdly, space flight ex-
periments of PSCs are given.

6.3.1  Extreme environment in space and specific
requirements for space photovoltaics

Compared with the terrestrial environment of human life, the
space environment is very harsh. As shown in Figure 27a, the
space environment features ultra-high vacuum and alternat-
ing temperature, and also contains strong radiation including
gamma-rays, ultraviolet rays, X-rays, beta-rays, protons,
neutrons, and electrons [393,394], particularly in the Van
Allen radiation belt. Due to the existence of more ultraviolet
rays in space, the AMO solar spectrum exhibits higher total
radiation of 136.7 mW cm . These characteristics of the
space environment directly affect the in-orbit service per-
formance and stability of the materials and devices working
in space. Specifically, the high-energy particle radiation
could induce lattice defects in the semiconductors and ulti-
mately cause a decrease in the performance of PSCs. Con-
sidering the high cost of space launching ranging between
~$ 30,000 and ~$ 1,500 kgfl, depending on the character-
istics of the vehicles [395], space photovoltaics should meet
specific requirements such as high PCEs, specific power and
long-term stability.

6.3.2  Radiation resistance of PSCs
For space application, PSCs must have good radiation re-
sistance to ensure long-term stability. As mentioned above,
the space environment is characterized by high-energy
charged particles and rays. In this part, we mainly introduce
the proton radiation resistance and gamma-ray resistance of
PSCs.

Protons are one of the most common high-energy particles
in space, which have greater mass than electrons (~2,000
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times). Hence the proton radiation in the MeV range poses a
greater threat to the materials and devices, and has shown a
tremendous effect on the output performance of Si, GaAs,
and InP solar cells. In 2016, the inverted-structure PSCs with
the device architecture of ITO/PEDOT:PSS/MAPbI;/PCBM/
BCP/Ag were bombarded with protons with the energy of
68 MeV by Neitzert et al. [392] to investigate the proton
radiation hardness, as shown in Figure 27b. PSCs were
compared with the commercial Si solar cells in terms of Vi,
FF, Jg and PCE (Figure 27¢). When the dose of <2x10"
p cm > was applied, PSCs exhibited negligible degradation.
However, a 30% decrease in the Jsc of Si solar cells was
observed exposed to the same dose. Upon the proton radia-
tion with the dose of more than 2x10"' p cm , the Jgc and
PCE of PSCs decreased, while the V. and FF remained
constant. A decrease of around 10% and 40% in Jy. as well
as PCE of PSCs was observed at higher proton dose levels of
10" and 10" p cm respectively. For Si solar cells, a 40%
decrease in Jg- was observed at a proton dose of only
415=7X1011 p cm °. It is noteworthy that it normally takes
about 3 years or less to accumulate a dose of 10" p cm “ona
satellite-relevant orbit [396]. These results obtained by
Neitzert ef al. [392] confirm that PSCs have a great tolerance
for proton bombardment, showing great potential as space
photovoltaics.

Gamma-ray is a kind of common high-energy ray in space,
which has the shortest wavelength and the highest frequency
in the electromagnetic spectrum. Metal halide perovskites
have been used in gamma-ray detection by directly con-
verting ray radiation into electrical signals [397]. In 2019, the
inverted-structure PSCs with the device architecture of ITO/
PTAA/Cs, 4sFA( g1 MA 14Pbl, 5sBrg 45/Co/BCP/Cu was
placed under the radiation of both light illumination and
gamma-ray to investigate the radiation resistance by Huang
et al. [398] (Figure 27d, e). The J-V curves of PSCs before
the radiation test show that PSCs exhibit an initial PCE of
18.8% with a Ve of 1.06 V, a Jg of 21.98 mA cm ~, and an
FF of 80.5%. After radiation, the Jy- decreased a lot. Ac-
cording to their report, the decrease in Jg- was mainly due to
the obvious loss in the transmittance of the glass substrates
under the gamma-ray radiation. The darkening of the glass
substrates is mainly attributed to the production of impurity
levels and new absorption bands in the glass upon the
gamma-ray radiation [399]. What is more, they found that
there was a self-healing behavior of PSCs to recover its ef-
ficiency at the early stage of degradation induced by gamma-
ray radiation. The experimental results indicate the superior
stability of perovskites to gamma-ray radiation compared
with glass.

6.3.3  Space flight experiments of PSCs
To promote the space application of PSCs, a lot of studies
have been done in the laboratory-simulated environment, and
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Figure 27 (a) Factors affecting the performance of PSCs in space [399].
(b) A sketch of the inverted-structure PSC (Proton radiation of 68 MeV)
[392]. (¢) Normalized photovoltaic parameters of a PSC as a function of the
proton dose (¢). Symbols depict the evolution of Jy¢, FF, n (PCE), and V¢
of a PSC. The red diamond depicts the normalized value of Jg¢ at the end of
the proton irradiation experiment after correcting transmission losses due to
color centres in the substrate. The blue curve shows the evolution of the Jg¢
of a c-Si photodiode [392]. (d) J-V curves of the PSC before and after
irradiation test [398]. (e) Pictures of PSCs (top panel) and ITO substrates
(bottom panel) before (right panel) and after (left panel) gamma-ray ra-
diation. The radiation dose was 2.3 Mrad with a duration of 1,535 h [398].
(f) Mounting structure of solar cells, and the schematics of the flight alti-
tude. The experiment counted 4 panels holding solar panels [400]. (g) i)
Representative schematic showing the relative positions of the sun, the
high-altitude balloon, and the earth; ii) photograph of the launch site; iii)
photograph of the high-altitude balloon with a pod in near space; iv) device
configuration of a PSC; v) unit module (the large-area PSC was soldered on
the integrated circuit board) [401] (color online).

the real environment test is definitely indispensable. The
space flight experiments of PSCs have been carried out
through the high-altitude science balloon by Manca et al.
[400] and Zhu et al. [401], respectively.

The first flight experiment reached an altitude of 32 km
through the high-altitude balloon [400], as shown in Figure
27f. The power output at the maximum power point of PSCs
with time was tracked to evaluate the performance change of
devices. Another pioneering space flight experiment was
carried out by Zhu and his collaborators [401]. They sent the
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large-area regular mesoporous TiO,-based PSCs into near
space at an altitude of 35 km through a high-altitude balloon
(Figure 27g). The device based on FA(g;MA 1oCs 04Pbl, 55
Bry 4 retained 95.19% of its initial PCE during the test under
AMO illumination after two hours. Following these two
pioneering studies, more space flight experiments have been
carried out. For example, an experiment with PSCs on board
of arocket flight was carried out by Miiller-Buschbaum et al.
[402] in 2020 and the rocket reached the apogee with an
altitude of 239 km. In 2021, researchers at National Re-
newable Energy Laboratory, cooperating with teams from
the National Aeronautics and Space Administration
(NASA), sent eight PSCs to the International Space Station
to evaluate the potential use of PSCs in space and assessed
the durability of materials used in those cells [403]. Before
that, NASA has verified that a MAPbI; film with en-
capsulation can work on the International Space Station in
the space environment for a total of approximately 10
months on orbit with little to no chemical degradation [404].

PSCs currently show great potential for space application.
However, it is still a long way from practical application.
Scientists need to further carry out considerable research
from the perspective of both mechanism exploration and
stability in the real space environment to obtain highly robust
PSCs.

7 Industrialization

Until now, the efficiency of small area PSCs is comparable to
the Si solar cells, minimodule efficiency also exceeded
20.0%, and the stability is greatly improved. Moreover, the
PSCs have a high potential to achieve lower manufacturing
cost than Si solar cells because of low-temperature solution
coating. Consequently, many companies in the world started
to industrialize PSCs, and focused on developing large area
modules and efficient manufacturing processes. Accom-
panied with mission-driven policies by governments, more
and more investment has been attracted to enter this field.
Several companies have now announced to build a 100 MW
production line and first commercial scale module samples
were delivered.

7.1 In Japan

The Japanese government has always paid attention to the
development of PSCs since the PSCs were invented by Ja-
panese researchers [1]. Recently, New Energy and Industrial
Technology Development Organization (NEDO) started a
national project (Green Innovation Project), and invested 20
billion Japanese Yen to develop PSCs [405]. Several famous
companies such as Toshiba Corporation, Sekisui Chemical
Co., Ltd., Aisin Corporation, Kaneka Corporation, were
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joined in this project, in collaboration with the National In-
stitute of Advanced Industrial Science and Technology, the
University of Tokyo, and Kyoto University. They are com-
mitted to the obligation of commercializing PSCs by 2030
[405]. Up to now, Toshiba Corporation developed rigid and
flexible PSCs submodules, with the PCE of 11.6% (802 cm?)
and 15.1% (703 sz) respectively [406,407]. Sekisui Che-
mical Co. reported flexible perovskite solar modules with
PCE of 15% by the R2R process [408], which aims to be
commercialized by 2025. In addition, Panasonic achieved a
submodule PCE of 17.9% with designated illumination area
of 804 cm’ [2].

7.2 In China

The Chinese government also attaches great importance to
the development of PSCs. In 2022, the National Energy
Administration and the Ministry of Science and Technology
issued a notice on the issuance of the “14th Five-Year Plan
for Scientific and Technological Innovation in the Energy
Sector”. The specific goals of wind and solar power tech-
nologies are focusing on the establishment of large-scale and
high-proportion renewable energy supply, including en-
couraging the industrial production of highly efficient PSCs.
Currently, several national projects are carrying on devel-
opment of PSCs with various missions such as perovskite/Si
tandem solar cells, submodule with 20% PCE on area over
400 cm’, illumination durability of 10,000 h. A flexible PSC
project will start this year. On the other hand, several famous
silicon solar companies such as LONGI, JinKO, Trina Solar
have already started to research perovskite/Si TSCs. Beside,
PSC start-ups are also developing fast. The GCL Photo-
electric Materials Co., Ltd. achieved an active efficiency of
15.31% for perovskite module with area of 1,241.16 cmz,
and is building a 100 MW production line with module size
of 1 mx2 m [409]. MicroQuanta Semiconductor achieved a
world record efficiency of 21.4% for 19.3 cm’ minimodule
[2]. Moreover, it has built a 100 MW production line and has
delivered the first batch of 5,000 pieces modules (1.245

mx0.635 m) to their customers [410]. UtmoLight also
achieved a 20.5% efficiency for 63.98 cm’ mini-modules in
2021 [411] and invested over 3 billion RMB to the produc-
tion line. Wonder Solar also installed a 110 m’ pilot power
plant with printable mesoscopic perovskite solar panels in
2018 [412]. After the carbon-neutral policy was announced
by the governments, there are about 20 start-ups in the per-
ovskite field.

7.3 In Europe

In Europe, Oxford PV was founded by one of the pioneers of
PSCs, Henry Snaith, which focuses on the development of
perovskite/Si tandem solar cells. It achieved a perovskite/Si
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tandem solar cell with an efficiency of 29.52% [413], and
built a 100 MW production line for the tandem solar cell in
Germany last year [414]. Saule Technologies focuses on
building integrated Photovoltaics (BIPV) and they launched
a production line in Wroclaw, Poland in 2021 [415]. Sol-
liance (Netherland) achieved a stabilized efficiency of 17.8%
for wide-bandgap (1.69 eV) PSCs in 2021. In combination
with the Panasonic silicon bottom cell, they achieved an
efficiency of 29.2% for 4 T perovskite/Si [416]. Moreover,
they also achieved a 18.6% efficient highly NIR transparent
PSCs and combined in 4T tandem configuration with an
efficient Panasonic c-Si cell with a PCE of 28.7% [417].
Specific (U.K.) developed its pilot manufacturing lines to
deliver building-scale products [418]. TubeSolar (Germany)
achieved an efficiency of 14% for film-based PSCs by R2R
process in 2022 [419], collaborating with the Centre for
Solar Energy and Hydrogen Research Baden-Wiirttemberg
(ZSW). Evolar (Sweden) is preparing its manufacturing line,
reporting the results of device durability tests [420].

7.4  Other countries

The United States Department of Energy (DOE) has selected
19 projects for a total of § 6 million to fund innovative solar
cells, and these projects were selected through the Solar
Energy Technology Office’s (SETO) Small Innovative Pro-
jects in Solar (SIPS) 2022 funding program, three of which
are based on PSCs [421]. Besides, there are also more and
more companies working on the industrialization of PSCs,
such as Swift Solar, Tandem PV, Cubic PV, and EMC (USA).
The “GigaSpeed” production line of EMC has capacity to
manufacture PV material equivalent to 4 GW per year, based
on a R2R printing process [422]. Besides the United States,
UniTest in Korea achieved a sub-module efficiency of 14.8%
[423], and invested in large-scale facilities for PSCs in the
Saemangeum Industrial Complex. Hanwha Q CELLS in
Korea is heavily investing in R&D, including perovskite/Si
tandem cells, seeking to invest 1.5 trillion KRW ($ 1.2 bil-
lion) into research and manufacturing facilities by 2025
[424].

8 Perspectives

In summary, the PSCs are becoming more and more mature
by device engineering of single and tandem configurations,
upscaling-to-module technologies, and stabilization projects
to meet real operating conditions. Now, PSCs are on the eve
of industrialization. To accelerate the industrialization pro-
cess, the following suggestions are proposed.

The structure of PSCs is mainly divided into normal and
inverted structures. The normal ones attract much more at-
tention since they show a higher PCE record of over 25%.
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However, they also face stability issues, such as the in-
stability of spiro-OMeTAD at high temperature and ambient
environments. It is urgent to enhance the stability of normal
PSCs. For the inverted PSCs, although the PCE is still lower
than that of the normal ones, they show better operation
stability and compatibility with tandem solar cells. It is im-
portant to further improve the PCE of inverted PSCs by
optimizing perovskite and the interface layer.

For perovskite-based tandem solar cells, the 1-cm’ per-
ovskite/c-Si cells stand out with a promising PCE of over
30%, being closest to commercialization. The future target is
to realize a PCE > 30% based on the commercialized-size
silicon solar cells with stability of over 20 years. Hence,
improvement of the light management and optimization of
the interfacial layer in perovskite/c-Si cells should be also
carried out by a combination of simulation and experiment.
Moreover, developing new low-cost technologies to deposit
PSCs on Si solar cells is in demand.

The efficiency of small-area single-junction PSCs (<0.1 sz)
is now comparable to those of the Si solar cells. However,
enlarging the device area to modules will lead to a significant
efficiency decrease. The efficiency of PSC modules with an
area over 1,000 cm’ still remains around 15%, as shown in
Figure 28a. According to the previous analysis, to achieve a
similar LCOE with Si solar cells of 3 US cents/kWh, the
PCE of PSC modules should reach over 20% in the case of
20-years lifetime (Figure 28b) [425]. To reach this goal,
continuous innovation should be devoted to the exploration
of the new fabrication process of high-quality large-scale
perovskite layers and other functional layers, so as to control
the crystallinity and uniformity of all layers of modules in
environmental conditions in industry. The development
of new module structures to improve the stability of PSCs
without compromising efficiency is also an important issue
[7].

It is undeniable that stability is an immense obstacle for
PSCs for commercialization. Although several groups re-
ported that the PSCs have passed several requirements of the
IEC61215:2016 standard, there is still a long way to go.
Recently, a stand-alone solar farm infrastructure has been
demonstrated for the outdoor field tests of PSCs, but the
power output of the panel efficiency lost by 25% over 9
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Figure 28 (a) The dependence of PCE on device areas. (b) The re-
lationship between LCOE and lifetime [425] (color online).
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months [426]. It is imperative to quantitatively understand
the outdoor degradation modes, and accordingly, to improve
materials and device configurations. Besides, establishment
of new testing standards suitable for analyzing the decom-
position mechanism of PSCs are also needed.

Finally, although a huge number of papers were published,
the efficiencies of the modules improved slowly. Fortunately,
more and more companies are entering industrialize the
PSCs, which will help academic researchers to clarify their
research targets. Therefore, to accelerate the commerciali-
zation, we suggest the industry should disclose the urgent
problems they faced. For example, industry should converse
with academia on which cell structure (normal structure or
inverted structure) is more desirable for industrialization, and
then academia can concentrate on one device structure to
accelerate research progress. We believe that strengthening
the relationship between academia and industry and timely
feedback on technical routes from industry to academia will
accelerate the speed of improvement of PSCs such as out-
door stability, and large-scale manufacturing. Hence, the
perovskite photovoltaic will be brought to fruition in the near
future.
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