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Abstract
Perovskite solar cells have aroused a worldwide research upsurge in recent years due to their
soaring photovoltaic performance, ease of solution processing, and low cost. The power
conversion efficiency record is constantly being broken and has recently reached 26.1% in the
lab, which is comparable to the established photovoltaic technologies such as crystalline silicon,
copper indium gallium selenide and cadmium telluride (CdTe) solar cells. Currently, perovskite
solar cells are standing at the entrance of industrialization, where huge opportunities and risks
coexist. However, towards commercialization, challenges of up-scaling, stability and lead
toxicity still remain, the proper handling of which could potentially lead to the widespread
adoption of perovskite solar cells as a low-cost and efficient source of renewable energy. This
review gives a holistic analysis of the path towards commercialization for perovskite solar cells.
A comprehensive overview of the current state-of-the-art level for perovskite solar cells and
modules will be introduced first, with respect to the module efficiency, stability and current
status of industrialization. We will then discuss the challenges that get in the way of
commercialization and the corresponding strategies to address them, involving the upscaling,
the stability and the lead toxicity issue. Insights into the future direction of commercialization of
perovskite photovoltaics was also provided, including the flexible perovskite cells and modules
and perovskite indoor photovoltaics. Finally, the future perspectives towards commercialization
are put forward.

Keywords: commercializations, perovskite solar cells, state-of-the-art level,
challenges and perspectives, indoor photovoltaics

1. Introduction

Perovskite materials have exhibited great potential in photo-
voltaic fields. Benefiting from their favorable photoelec-
tronic properties, including strong light absorption, long
carrier diffusion length and high charge carrier mobility,
the power conversion efficiency (PCE) of perovskite solar
cells (PSCs) has gone through dramatic upswing over the
past few years. Recently, the certified PCE has climbed to
26.1% [1], which is the third-highest single-junction photo-
voltaic technology, just behind GaAs and crystalline silicon
solar cells. Except for considerable photovoltaic perform-
ance, low cost, solution processibility and flexibility endow
PSCs with huge commercial potential, not only in the grid-
connected system but also in off-grid scenarios like build-
ing integrated photovoltaic (BIPV), wearable electronics and
indoor photovoltaics.

Now that PSCs have reached unprecedented progress at
lab scale, industrialization and stepping into commercializ-
ation are definitely the next steps. Before that, challenges
of up-scaling, stability and toxicity need to be tackled first.
By far, most of the top-performing devices are based on
small-area substrates [2–4]. How to preserve high efficiency

and low batch-to-batch variation during upscaling is the major
hurdle because the fabrication techniques of PSCs cannot be
directly transferred to perovskite solar modules (PSMs). The
current PCE record for small-area device is 26.1%.When scal-
ing up to 1 cm2, the efficiency record drops slightly to 24.67%
[5]. Further expanding the area will cause even severer effi-
ciency loss. The efficiency record for 810 cm2 device drops
to 19.9% [6]. Large-area modules with all functional layers
fabricated by scalable methods are quite limited. The second
challenge is stability. Apart from the intrinsic instability of
perovskite material itself, perovskite solar cells can be eas-
ily deteriorated by external environmental factors like mois-
ture, oxygen, heat, light, radiation, etc. Encapsulation is an
effective measure to attenuate the detrimental impacts induced
by those factors. Several groups have reported PSCs surpass-
ing the standards of IEC 61 215 qualification tests [7, 8], and
over 10 000 h stability has been reported for a 10 × 10 cm2

printable module under AM 1.5 G illumination [9]. However,
towards commercialization, there is still a long way to go.
Moreover, toxicity issue regarding lead cannot be neglected.
Concerns about the damage of lead leakage to human health
and water resources will slow down or even impede the
commercialization course. Although encapsulation can reduce
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Figure 1. The path towards commercialization, in terms of (a) current status and (b) promising applications of commercialization.

the probability of lead leakage to a certain extent, the explora-
tion of Pb-free or Pb-less materials can solve the toxicity prob-
lem from the root, which is still worth trying. Besides, mod-
ule recycling is an effective way to reduce contamination and
lead waste, which is desirable for the sustainable development
of PSCs.

To enter the already mature photovoltaic market represen-
ted by Si solar cells, one plausible approach is to construct tan-
dem solar cells with them to make full of the well-established
production lines, which can break through the efficiency limit
of single-junction solar cells and increase the overall power
output of the module per unit area. Impressively, the PCE
for perovskite-Si tandem solar cells have been improved to
33.9% by LONGi company, which further increase the poten-
tial of perovskite solar cells towards commercialization [1].
However, towards commercialization, perovkire-Si tandem
solar cells are faced with harsher requirements for the sta-
bility, scale-up and cost control. The levelized cost of energy
(LCOE) should be lower than that of commercial silicon solar
cells. Since there has been a great many works analyzing the
commercial potential of perovskite tandem solar cells [10–
12], here we mainly focus on the commercialization issues
of perovskite solar cell itself. Another way is to differenti-
ate the market positioning of perovskite solar cells to dis-
tinguish itself from other photovoltaic technologies. Light
weight, low temperature production and flexibility allow PSCs
to be integrated on flexible substrates, expanding their applic-
ation to various scenarios, such as building integrated photo-
voltaics, portable products, wearable electronics, and near-
space applications, etc (figure 1). Besides, flexible perovskite
solar cells are compatible with cost-effective roll-to-roll
mass production, further adding their market competitiveness.

Recently, an impressive champion PCE of 23.8% has been
achieved for lab-scale flexible PSCs [13], opening up mar-
ket breakthrough point. In addition, indoor photovoltaics is
another promising direction, which increases the energy util-
ization efficiency by offering supplemental power source
to indoor electronics. It can be integrated into various
devices and applications in internet of things (IOT) systems,
including wireless sensors, smart home devices, and wear-
able electronics, providing a reliable and convenient source
of power (figure 1).

In this review, an overall analysis of the commercializ-
ation path of PSCs is provided. Initially, the current status
of commercialization is briefly introduced. Secondly, the
three primary remaining challenges that hinders the com-
mercialization process are elaborated respectively, including
up-scaling, stability and toxicity. Next, effective encapsula-
tion strategies and encapsulation materials are introduced.
Whereafter, promising directions of commercialization that
differentiate PSCs with the well-established Si solar cells
production line are discussed, including flexible devices and
indoor photovoltaics. Finally, a conclusion and outlook for
the commercialization of PSCs in the foreseeable future is
provided.

2. Current status of industrialization

As many countries around the world have put forward the
‘zero carbon’ or ‘carbon neutral’ climate goals, the devel-
opment of renewable energy represented by photovoltaic has
become a global consensus. As the photovoltaic performance
of perovskite solar cells continually hit record highs, they have
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Table 1. Confirmed record efficiency results of perovskite-related photovoltaics, [5, 6, 18] measured under the global AM1.5 spectrum
(1000 W m−2) at 25 ◦C (IEC 60 904–3: 2008 or ASTM G-173-03 global).

Classification Efficiency (%) Area (cm2) Organization

Perovskite (cell) 26.1 ± 0.6 0.05127 (da) U. of Science and Technology of China
Perovskite (cell) 24.67 1.0053 (ap) Shenzhen Infinite Solar Tech.
Perovskite (minimodule) 22.4 ± 0.5 26.02 (da) EPFLSion/NCEPU, 8 cells
Perovskite (module) 18.6 ± 0.7 809.9 (da) UtmoLight (39 cells)
Perovskite/Si 33.7 ± 1.1 1.0035 (da) KAUST, 2-term.
Perovskite/Si (large) 28.6 ± 1.4 258.14 (t) Oxford PV, 2-term.
Perovskite/CIGS 24.2 ± 0.7 1.045 (da) HZB, 2-terminal
Perovskite/perovskite 29.1 ± 0.5 0.0489 (da) Nanjing U, 2-term.
Perovskite/perovskite (minimodule) 24.5 ± 0.6 20.25 (da) NanjingU/Renshine, 2-term.
Perovskite/organic 23.4 ± 0.8 0.0552 (da) NUS/SERIS, 2-term.

Abbreviations: (da), designated illumination area; (ap), aperture area; (t), total area.

become the most eye-catching topic in photovoltaic field these
years. In the industry community, perovskite solar cell start-
ups have emerged likemushrooms after rain and have obtained
financing through the primary market, becoming a new favor-
ite of the capital market. The production lines of perovskite
solar cell enterprises are advancing rapidly with the advance-
ment of processing techniques and the continuous investment
enthusiasm of industrial capital. With the collaborative efforts
of academia and industry, both the module efficiency and
stability are dramatically enhanced [14–17]. Perovskite solar
cells are in the middle of industrialization.

2.1. Module efficiency

Companies and organizations are actively contributing to the
efficiency improvement of perovskite solar cells and modules,
as listed in table 1. For 1.0053 cm2 PSCs, which represents
a tipping point form small area to large area, the efficiency
record has been improved to 24.67% by Shenzhen Infinite
Solar Technology CO., LTD [5].When scaling up to 26.02 cm2

module, the efficiency drops to 22.4% [18]. Modules with
area larger than 100 cm2 and fabricated by up-scalable meth-
ods (such as blade coating, slot-die coating, inkjet printing,
and spray coating) are quite limited. According to NREL, the
highest record for large-scale perovskite solar modules was
19.9% with an active area of 810 cm2 by UtmoLight company
[6]. Notably, the PCE of Perovskite/Si tandem solar cells has
reached 33.2% for small-area devices and 26.8% for large-area
devices, which opens up a new way for entering the Si-cell-
dominated market.

2.2. Module stability

The stability of perovskite modules determines the PV system
life time to a great extent and also affects the system LCOE
cost. Perovskite module is the latest solar technology and
there is currently no specialized IEC standard to test its stabil-
ity. However, perovskite modules can follow the IEC 61 215,
which is designed for silicon or other thin film technologies.

Few companies have made attempts to do the IEC tests. In
table 2, we list several reported IEC test results.

Table 2. The reported perovskite module stability test results for
companies.

Organization Test classification Type Result

Microquanta IEC 61215/61730 Test sequence Pass
GCL- Perovskite Ball drop test Individual Pass

Table 3. The perovskite production line statues from perovskite
companies.

Organization Capacity Type Status

Microquanta 120 MW Single-
junction

Full capacity
production
[19]

GCL- Perovskite 100 MW Single-
junction

Ramp-up [20]

Oxford PV 100 MW Perovskite/silicon
tandem

Ramp-up [21]

Wondersolar 200 MW Carbon-based
single-junction

Ramp-up [22]

Utmolight 150 MW Single-
junction

Equipment
move-in [23]

2.3. Capacity

A large amount of investment is put into the field of perovskite
photovoltaics. The production capacity is constantly expand-
ing. Several production line statuses are listed in table 3.

In these perovskite solar cells companies, Micoquanta
Semiconductor has released their first commercial perovskite
module, called α perovskite module. The module size
is 1635 mm × 635 mm × 6.5 mm. The power is up
to 130 W.

2.4. Real-field perovskite system

It is reported that in July 2022, Microquanta has installed
and operated 100 kW perovskite photovoltaic system
in Zhejiang Province, China. The system is the first
reported grid-connected perovskite solar system on the
100 kW scale (figure 2).
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Figure 2. Picture of 100 kW perovskite grid-connected solar farm from Micoquanta.

2.5. Market prospect

According to the report released by The International Energy
Agency, the solar capacity expansion in 2023 was 286 GW,
which represents the main source of global renewable capacity
expansion [24]. The capacity is anticipated to further increase
in 2024, driven by increasing environmental concerns, govern-
ment incentives, and the declining cost of solar technology. In
light of increased electricity prices stemming from the global
energy crisis, many countries, particularly in Europe, put for-
ward favorable polices on developing renewable energy to
reinforce energy security, which produces a conducive envir-
onment for solar PV.

Perovskite solar cells have big potential to capture a sig-
nificant share of this expanding market owing to the rich
reserves of raw materials, high performance and low prices.
Preliminary life cycle assessments indicate that perovskite
solar modules are anticipated to have a reduced environ-
mental effect and a quicker energy payback time (EPBT) [25].
The increase in continuous running duration can significantly
lower the maintenance and replacement costs of photovoltaic
modules. Additionally, a number of research teams have estim-
ated the LCOE and assessed the fabrication costs of PSCmod-
ules with various geometries. Following a thorough analysis
that took into account the utilization of pricey metals (such as
Ag and Au) and vacuum deposition processes, Egan et al cal-
culated that the PSC’s manufacturing costs range from $87 to
140 m−2, with LCOE values from 9.0 to 18.6 cents kWh−1,
which is comparable with commercial crystalline silicon and
cadmium telluride solar cells. This anticipated cost will also be
further decreased by using large-area preparation techniques
like screen printing, R2R, affordable transport layers, or elec-
trode materials [26]. Besides, their lightweight and flexible
nature enable innovative designs and integration into various

surfaces, expanding their potential market reach. The versatil-
ity of perovskite solar cells makes them suitable for a wide
range of applications, including rooftop solar panels, solar
farms, portable electronics, and building-integrated photovol-
taics. These characteristics will further add PSMs’ commer-
cial attractiveness and facilitate the realization of continuously
large-scale preparation. At present, numerous research reports
have focused on the scalable preparation methods of PSCs,
like blade coating, slot-die printing, etc. With the research
and technological innovation, the future of perovskite solar
cell is promising.

3. Upscaling of perovskite photovoltaics

3.1. Scalable fabrication methods

Scalable manufacturing of efficient PSMs is critical for com-
mercialization. And the key factor for this process is the
fabrication of pinhole-free and homogeneous large-area per-
ovskite film, which requires precisely optimized processing
techniques (figure 3(a)). Up to date, the most explored tech-
nique for the highly efficient small-area PSCs is spin coating
method due to the merit of depositing high-quality perovskite
films with well-defined thicknesses and different composi-
tions, laying a solid foundation for efficient PSMs with a certi-
ficated PCE of 22.87% (active area, 24.63 cm2) [27]. However,
this method is limited to the substrate size and waste of 90%
of perovskite ink, and is especially not applicable for the high
throughput roll-to-roll (R2R) or sheet-to-sheet (S2S) manu-
facturing processes. Vacuum evaporation deposition method
has shown the scalability for depositing perovskite films over
600 cm2, while the high expenses of large-scale vacuum equip-
ment will hinder the further commercialization of perovskite
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Figure 3. Fabrication method, structure design and advances of large-area perovskite solar modules. (a) Efficiency record of PSMs obtained
by various deposition methods. (b) Advanced strategies for optimizing the quality of perovskite film. (c) The configuration and cross-section
view of PSMs. (d) Illustration of the total power loss as function of the active-area width for modules with various dead-area widths. (e)
Three cell designs. Design A: cell without metal grids; Design B: cell with parallel metal bus bars; Design C: cell with parallel metal bus
bars and fingers, where gold arrows represent the direction of current flow through the front electrodes.

photovoltaics, leading to fewer reports of PSMs derived from
this method [28].

From LCOE perspective, the scalable deposition methods
should be low-cost and compatible with high throughput pro-
duction processes (R2R, S2S). Therefore, blade coating, slot-
die coating, inkjet printing, and spray coating, are more prom-
ising alternative techniques for scalable fabrication of per-
ovskite films. Among those techniques, blade-coating is the
most studied for preparing large-area perovskite films, lead-
ing to the current high PCE of 20.4% PSMs (active area,

29.25 cm2) [29]. However, this method also has limitations
on the substrate size because the film thickness is gradu-
ally decreased along the coating direction due to the non-
continuous ink supply, thus it is difficult to minimize the
efficiency loss when the active area exceeds 30 cm2. Slot-
die coating method works similarly to blade coating, but can
overcome the thickness variation problem because the slot die
head allows for continuous ink supply. Many reports with over
200 cm2 area were derived from this method, giving it great
potential in industrial production [6, 18, 30, 31]. The pro-
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gress on PSMs based on the large-area film derived from inkjet
printing, spray coating, and vacuum evaporation techniques
are relatively slower (figure 3(a)) [32–35]. Inkjet printing is a
non-contact manufacturing technology with the merit of pre-
paring patterned perovskite film, but the inkjet inks usually
require slow drying to achieve good processing stability and
sufficient nozzle open times, which poses a great challenge in
the film crystallization. Spray coating method can coat over a
large-area perovskite film in a short time, but the ink droplets
ejected from the nozzle usually have different sizes and can
be easily overlapped on the substrate, affecting the final film
thickness and crystal quality. To summarize, the slot die coat-
ing method will be the best candidate in the future scalable
fabrication of PSMs.

Controlling nucleation and crystal growth is another key
factor affecting the quality of large-area perovskite films. The
perovskite ink preparation and the wet perovskite film drying
are critical stages for precisely regulating the nucleation and
crystal growth process (figures 3(a) and (b)). And the regu-
lation of ink preparation can be divided into three perspect-
ives: (a) solvent engineering, a strategy that utilizes solvents
with different boiling points, surface energy, and donor num-
ber (DN) to control the solvent evaporation and crystalliz-
ation; (b) composition engineering, a method that controls
the composition of perovskite materials to regulate the band
gap, stability, and crystallization of corresponding perovskite
film; (c) additive engineering, a way that additives are used
to adjust the perovskite nucleation and crystal growth during
the film formation process. In addition, the drying process of
wet films requires immediate supersaturation to accelerate het-
erogeneous nucleation, which is also very important to the
final morphology and can be divided into antisolvent treat-
ment, thermal annealing, gas quenching, and vacuum quench-
ing. Among those additional treatments, gas quenching could
be the most promising one due to the low equipment require-
ment, environmentally-friendly nature, no damage to the per-
ovskite materials, and the compatibility with high throughput
fabrication process.

3.2. Module design and process

3.2.1. Fabrication process of modules. The PCE of per-
ovskite solar devices is decreased when enlarging the photo-
active area, mainly originating from the resistive loss related
to transparent conductive oxide (TCO). To reduce such losses,
solar modules have been designed by interconnecting many
small subcells either in series (monolithic modules) or in
parallel [36–39]. Similar to silicon-based solar photovoltaics
(PVs), the perovskite parallel solar modules can achieve a high
photocurrent by accumulating photocurrent from the whole
area (all subcells). However, parallel solar modules need a
perfect photoactive area without any voids, because the exist-
ence of shunting paths will seriously reduce module’s voltage,
even probably to zero [40]. Thus, it is not popular to design
parallel solar modules in thin film PVs. Here, we will give a
brief review on the fabrication process of perovskite mono-
lithic solar modules.

In comparison with small-area solar cell fabrication, mod-
ule fabrication processes need extra laser or mechanical scrib-
ing steps to divide a large-area cell into desirable subcells with
effective interconnections. Compared to the mechanical scrib-
ing method, the laser scribing process has been widely used to
achieve high-quality and desirable line patterns, known as P1,
P2 and P3 scribes. The P1 scribing lines are formed by scribing
the back TCO-coated glass substrates (such as indium-doped
tin oxide or fluorine-doped tin oxide). The goal of P1 scrib-
ing is to remove the TCO, and then form patterned subcells
on a substrate. Before depositing the front electrodes, the P2
scribing process is generally conducted to expose the TCO.
By doing so, the area of P2 scribing lines can be well filled by
front electrodes to interconnect in series between two neigh-
boring subcells. For an inverted PSM (p-i-n) (figure 3(c)), the
P2 scribes remove the electron transport layer (ETL), per-
ovskite layer and hole transport layer (HTL). The traditional n-
i-p solar module configuration can be built by only exchanging
the position of two charge transport layers [41], with almost
no changing of the scribing conditions. The P3 scribing pro-
cess isolates the front electrode to separate neighboring sub-
cells and achieve monolithic interconnections.

3.2.2. Design of module structure. The design of device
structure is of vital importance to further enlarge the area
of modules without sacrificing their efficiencies. After laser
scribing P1, P2 and P3, some important parameters that
determines its efficiency and stability should be noticed,
i.e. safety area, dead area, active area and aperture area
(figure 3(c)). As discussed earlier, the resistance-induced
power loss (pLoss) decreases the efficiency of a module, which
can be calculated using equations (1)–(3) [40, 42, 43]:

pLoss = pDead area + pTCO (1)

pDead area =
WDead area

WDead area +WActive area
(2)

pTCO =
1
3
×Rsh ×

JMPP

VMPP
×

W3
Active area

WActive area +WDead area
(3)

where pDead area and pTCO represent the dead area loss and
TCO resistive; WDead area and WActive area are the width of both
areas; Rsh, and VMPP are the sheet resistance of TCO, cur-
rent density and voltage at maximum power point, respect-
ively. Besides, geometry fill factor (GFF) is another important
parameter that is defined as the ratio of the active area to the
aperture area, which can effectively evaluate the performance
of a module. Besides, the value of GFF remarkably affects
aperture efficiency (ηa). The GFF and ηa can be expressed by
equations (4) and (5):

GFF=
Active area

Aperture area
(4)

ηa =
Voc × Jsc

aperture area
. (5)
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According to the above equations, it is important to max-
imize active area and minimize the dead area, but the module
should have enough safety areas. Moon et al [42] simulates the
relationship between the power loss (pLoss) and active area for
various dead areas (figure 3(d)), further confirming the import-
ance of the ratio of the active area and dead area. However, it
is worth noting that P2 and P3 scribes should be wide enough
to guarantee low contact resistance and further avoid shunting
between neighboring subcells. Wilkinson et al [44] points out
the importance of design of the front electrode grid to enhance
the efficiency of large-area cells and modules (figure 3(e)).
The parameters including cell width (X), length (Y), bus bar
spacing (Sb), bus bar width (Wb), finger spacing (Sf) and fin-
ger width (W f) remarkably influence the resistive loss of a
module. For example, design A is widely used for small-area
cells; a higher efficiency for an area >200 cm2 was achieved
from design C [45].

3.2.3. Characterization and assessment of modules.
Understanding the properties and defects of subcells and
scribes in a module is of paramount importance to optimize
the performance and reliability of PSMs. Except for common
current-voltage curves, other characterization methods, such
as optical microscope, Photoluminescence (PL), electrolumin-
escence (EL), light-beam-induced current (LBIC) mapping,
lock-in thermography (LIT), etc, have been widely used to
investigate homogeneity or defects of modules [17, 38, 46,
47]. For example, the optical microscope is generally used
to examine the quality and width of P1, P2 and P3 scribes.
The PL and EL imaging provide important information about
the distribution of local defects, charge recombination/trans-
port obstacles related to impurities and non-uniformity. The
high defect areas appear darker in the PL and EL images. The
LBIC mapping gives information about photocurrent genera-
tion and distribution of a module, which significantly reveals
the homogeneity of perovskite layers. Besides, the degrada-
tion mechanism of modules also can be investigated by the
LBIC mapping [48].

3.3. Progresses and perspectives of PSMs

Up to date, the top-performing n-i-p PSMs were fabricated
via spin-coating by Ding et al [27], which exhibited a best
PCE of 22.87% with an active area of 24.63 cm2 (figure 4(a)).
They used single-crystalline TiO2 rhombus-like nanoparticles
as the ETL, which showed low lattice mismatch, high affin-
ity with the perovskite layer, high electron mobility and
lower defects density. Yoo et al combined the gas-quenching-
assisted bar-coating method with solvent engineering using
2-methoxyethanol and n-cyclohexyl-2-pyrrolidone to obtain
high-quality perovskite films, leading to PCE of 20.4% in
29.25 cm2 n-i-p PSMs (figure 4(b)) [29]. Bu et al used gas-
quenching-assisted slot-die coating method to produce high-
quality perovskite minimodules, (figure 4(c)) which showed
PCE of 20.42% and 19.54% for an active area of 17.1 and
65.0 cm2, respectively [36]. N-methyl-2-pyrrolidone (NMP)
was added to the precursor to control the nucleation and

growth process of MA-free perovskite through facilitating the
direct formation of α-phase perovskite (figure 4(d)). It needs
to mention that all the highly efficient n-i-p PSMs are based
on doped Spiro-OMeTAD as the HTL, which suffers from
the instability issue and high expense. As a result, developing
cheap dopant-freeHTLs is highly desirable. On the other hand,
p-i-n PSMs with copper as the top electrode has great potential
in obtaining stable and efficient PSMs [49–52]. But the PCE is
relatively lower than that of the n-i-p PSMs. The highest PCE
for p-i-n PSMs is 19.2% with an aperture area of 50.0 cm2,
fabricated by Chen et al via blade-coating method [49]. It was
also noted that the voids caused by trapped DMSO at buried
interface could deteriorate the device performance and should
be properly handled (figure 4(e)). The performance of large-
area p-i-n PSMs is yet to be improved to catch up with that of
the n-i-p PSCs.

4. Stability of PSCs

4.1. Evaluation standards

Apart from the upscaling issue, another equally critical task
is to boost the stability of PSCs. In practice, PSCs are subjec-
ted to external environmental stresses during operation, which
degrade the PSCs from all aspects, i.e. encapsulation unit,
electrodes, transport layers, interfaces, and perovskite films.
This draws forth the development of standards to assess the
stability of solar cells. Among the existing test and evalu-
ation standards, IEC 61215, proposed by IEC, is the most-
used industry standard today. It covers a range of detailed and
continuous stress tests and provides accelerated aging con-
ditions to evaluate the service life of solar cells under real-
world use scenarios. As with mature PV technologies such as
crystalline silicon and GaAs, passing IEC 61215 is the most
fundamental precondition for the commercialization of PSCs.
A series of tests evaluate the stability under stimuli of light,
heat, ambient environment and mechanical impacts within
the IEC 61215, the details of which have been elaborated by
Holzhey and Saliba [53] Official module testing for IEC 61215
standard follows the flowchart in figure 5, and main tests
include 1-sun illumination (1000 ± 100 W m−2), UV-light
(15 kW h m−2 of UV irradiation between 280 and 400 nm),
hot-spot (55 ◦C±10 ◦C, under 1000Wm−2 irradiance with the
maximum power dissipation), outdoor conditions (maximum
power point (MPP) tracking at least 60 kW h m−2 of irradi-
ation), damp heat (85 ◦C 85% relative humidity (RH), 1000 h),
thermal cycling (−40 ◦C–85 ◦C, 200 circles), humidity freeze
(−40 ◦C–85 ◦C, 85%RH), hail impact (ice balls with a weight
of 7.53 g and a speed of 82.8 km h−1) and mechanical load
(at least 2400 Pa), etc.

4.2. Mechanism for instability under stresses

Currently, many reported PSCs have passed an individual test
or several tests of IEC 61215 standard [7, 8, 54, 55], which
largely inspires the whole PSCs community. However, for the
real industrial requirement, the PSCs should work well at out-
door conditions for at least 25 years. To break through the
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Figure 4. (a) Picture of the fabricated films and the schematic diagram of modules with 9 subcells in series. Reproduced from [27], with
permission from Springer Nature. (b) Air-knife-assisted bar-coating and the sketch of precursor front. Reprinted from [29],© 2021 Elsevier
Inc. (c) Slot-die printing with low-pressure dry air blowing. The inset is a picture of a 20 × 20 cm2 perovskite film. (d) Illustration of crystal
growth process with and without NMP. From [36]. Reprinted with permission from AAAS. (e) Illustration of the formation mechanism of
voids at buried interface. From [49]. Reprinted with permission from AAAS.

instability bottleneck of PSC, it is imperative to reexamine the
degradation mechanisms under each kind of stimulus, and find
out how to control the manufacturing conditions to prevent it
from degradation. In this regard, we review the mechanism
for instability under most common external stresses, including
light illumination, heat, ambient environment (moisture and
oxygen), and radiation. The influence of each stimulus on the
stability of PSCs are summarized in figure 6.

4.2.1. Light illumination. Commercial solar panels take
advantage of the energy from sunlight, which covers the
wavelength range from ultraviolet (UV) to near infrared
(NIR). All the lights can affect the stability of our PSCs mod-
ules. Specifically, the UV light, with relatively high photon
energy, challenges the stability of encapsulants due to the
existence of unstable organic ligands such as ethylene-vinyl

acetate (EVA). In addition, this UV exposure is also harmful
to the organic ligands within PSCs structure, like in the trans-
port layers or perovskite layer. To avoid it, a practical strategy
is to coat a down converting layer on top of PSCs where high-
energy UV light is transformed into low-energy visible light
[59]. Another possible solution is to use UV filter to prevent
the penetration of UV light into PSCs.

With respect to the perovskite active layer or PSC itself, the
sunlight influences the operational stability through two dif-
ferent aspects: (i) improving the performance and (ii) degrad-
ing the performance. The former one is mainly attributed to
two different mechanisms: light soaking and light-induced lat-
tice expansion (figure 6(a)). Light soaking is related to the
phenomenon that device performance can be improved after
continuous light illumination. It has long been discovered
ever since the PCE of PSCs is at an initial stage (around
10%), where all the three key factors (Voc, Jsc, and FF) as

9



Mater. Futures 3 (2024) 022101 Topical Review

Figure 5. Flowchart of official PV module stability test for IEC 61 215 standard. Important stability tests for PSCs are marked in green.
STC, standard test condition; NMOT, nominal module operating temperature. [53].

well as the J–V hysteresis can benefit from long-term light
illumination. Through combined optoelectrical characteriza-
tions (J–V, impedance, photoluminescence, etc.), it has been
acknowledged that the interfacial and/or bulk defects play the
role [60, 61]. These defects serve as the non-radiative cen-
ters, leading to the drop of Voc, Jsc, and FF. Light illumina-
tion can heal these defects, and hence improve the device per-
formance. Light-induced lattice expansion in PSCs was first
reported by Tsai et al in 2018, where they found a uniform lat-
tice expansion in mixed cations perovskite films after 180 min
of exposure at one sun of illumination [56]. This expansion
largely releases the perovskite strain, resulting in improved
operational stability.

With continuous advancing device manufacturing tech-
niques, the state-of-the-art perovskite films show much less
light soaking effect or light-induced lattice expansion effect
resulting from improved film quality. Alternatively, the light-
induced degradation becomes the bottle-neck problem for
PSCs stability. One of the key origins is the ion migration
within perovskite layer, where halide anions or organic A
site cations tend to migrate along the electric field. As a res-
ult, the photoelectrical properties of perovskite layers will be
changed, hindering the intrinsic stability of PSCs modules.

Researchers attributed this unwanted phenomenon to surface
defects dominated process [62] and/or strain-activated process
[63], presenting two practical strategies to boosting PSCs sta-
bility. It should be pointed out that the ion migration process
becomes more serious in mixed-halide perovskite systems,
indicated by obvious phase separation issue. For instance, in
the mixed Br/I perovskite film, Br-rich and I-rich domains
tend to aggregate separately, leading to variation in PL spec-
trum and also the J–V characteristics [63]. Interestingly, Mao
et al provided another new phenomenon that this light-induced
phase separation can be reversible under sufficiently high illu-
mination intensities [64]. The overall studies highlight the
importance of improving PSCs stability via mitigating the
light-induced ion migration processes.

There are also some parasitic factors caused by light illu-
mination, such as heat and dark spots. When the PSCs panels
work at high illumination intensities, their temperature will be
very high, resulting in the thermal issue. Another case we need
to consider is the existence of dark spots caused by fabrication
imperfection or the dirt on the panels when setting up. These
dark spots, acting as an electricity-consumption diodes, will
generate more heat during operation and thus lead to more ser-
ious heat degradation issue.
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Figure 6. Schematic diagram to show the factors that influence the stability of PSCs: (a) light, (b) heat, (c) ambient environment and (d)
radiation. Lattice expansion. From [56]. Reprinted with permission from AAAS. Lattice expansion and phase transition. Reprinted with
permission from [57]. Copyright (2016) American Chemical Society. Glass discoloration. Reprinted with permission from [58]. Copyright
(2020) American Chemical Society.

4.2.2. Heat. PSCs can be heated to high temperat-
ure after long-time light exposure. According to the
IEC 61215 standards, the thermal stability is generally
required to reach 85 ◦C, which is converted to 0.093 eV
[65]. When maintained at 85 ◦C for 24 h in a nitro-
gen atmosphere, the MAPbI3 will decompose into PbI2
(CH3NH3PbI3 → PbI2 + CH3NH2 + HI), which is due to
the low formation energy of MAPbI3 (0.11–0.13 eV) [66,
67]. The decomposition rate of MAPbI3 will be faster at
higher temperatures.

Several factors affect the thermal stability of PSCs jointly,
as summarized in figure 6(b). The influence of temperature on
the lattice structure and phase transition of perovskite has been
widely acknowledged. The transition temperature from tetra-
gonal to cubic phase of MAPbI3 is reported to be 327 K [68],
while the transition of CsPbI3 from orthorhombic to cubic
phase requires a high temperature of 634 K [69]. Different

types of perovskites have different characteristics of crystal
structures, and subtle lattice expansion or distortion can cause
changes in the structural stability of perovskite materials,
which in turn affect their stability in thermal environments.
Besides, the organic–inorganic hybrid halide perovskite has
significant ionic properties and its low activation energy of
ion migration affects the long-term stability of the material
[70]. When the external environment imposes certain thermal
stress, ion migration will become more severe, which in turn
affects the stability of the perovskite layer and even enters
the transport layer and electrode to cause damage [71, 72].
Furthermore, the transport layer (TL) within the PSCs device
assumes the pivotal function of extracting and transporting
carriers and forming ohmic contacts with the electrodes, and
thus has great impacts on the PCE and stability. First, the
nature of the transport layer material will determine its chem-
ical stability when exposed to high-temperature environments,
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which have an impact on the defect density, carrier transport
at the PVSK/TL interface, and the quality of ohmic contacts.
The thermal stress will accelerate the aging and damage pro-
cess, bringing a series of problems such as damage to the trans-
port layer material, severe ionmigration of the device, reaction
between the electrode and the migrating ions, and damage to
the perovskite layer [73].

4.2.3. Ambient environment. Moisture and oxygen are the
earliest factors that were founded to induce perovskite decom-
position and have beenwidely studied in PSCs. Formoisture, it
will induce the hydration of perovskite first (take MAPbI3 for
example), and the hydration product will decompose to MA,
HI and PbI2 (figure 6(c)). On account of the volatile nature
of MA and HI, such decomposition reaction will be contin-
ued until complete degradation. Since H2Omerely works as an
initiator, one H2O molecule will induce the complete decom-
position of perovskite theoretically. In contrast, oxygen by
itself will not induce perovskite decomposition. However, if
in bias or illumination, oxygen will accept electrons from per-
ovskite and form superoxide O2

−, which will attack perovskite
and induces its deprotonation (figure 6(c)) [74]. Owing to the
volatile and reactive nature of decomposition byproducts (MA,
HI or I2), the transporting layers and even electrodes can also
be degraded accompanied with perovskite decomposition. For
example, MA or HI will penetrate [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) and Spiro-OMeTAD transporting
layer through cracks or pinhole in the film, thus degrading its
transporting property. In addition, the I-related species (HI or
I2) may also react with and corrode metal electrode, destroy-
ing its conductivity and reducing devices area. At last, from
the point of environment, Pb leakage of perovskite devices is
also an inevitable issue, taken the toxicity and partially soluble
nature of PbI2 byproduct in water (1.6 mM at 25 ◦C).

4.2.4. Radiation. Apart from terrestrial applications, photo-
voltaics are themainstream power sources for satellites, space-
craft and space stations operating in the inner solar sys-
tem. Perovskite solar cell has emerged as a promising space
photovoltaic candidate, by virtue of the merit of an ultrahigh
power-per-weight ratio, [75] excellent stowed packing effi-
ciency and especially the low manufacturing cost [76]. The
operational lifetime of PSCs has been increased to over a
year [9] by unveiling the device instability channels under
terrestrial stresses (i.e. illumination, heat, moisture, oxygen,
etc). In view of space application, PSCs will face a series of
space stresses including ultra-high vacuum (UHV), temperat-
ure extremes and especially cosmic radiations [77, 78]. The
effect of vacuum and temperature extremes could be mitig-
ated by device structure engineering [79] and encapsulation
[80]. Cosmic radiations, on the other hand, are the most severe
environmental threats, whose doses will constantly accumu-
late during the device service life and harm the long-term oper-
ational stability of PSCs [81]. Fortunately, preliminary results
indicated that perovskite solar cells have higher radiation tol-
erance compared to state-of-the-art space-based photovoltaics.
However, they are certainly not indestructible.

Cosmic radiation can be categorized into two groups,
i.e. high energy particle irradiation (electrons, protons, alpha
particles and neutrons) and electromagnetic radiation (x-rays
and gamma rays), as shown in figure 6(d). Electrons, protons
and alpha particles are the most prominent irradiation sources
in the near-earth space orbits. The annual fluence of various
charged particles increases in the sequence of alpha particles,
protons and electrons, indicating an increased probability to
interact with PSCs [82 However, the displacement damage
per particle follows a reverse sequence (alpha particle > pro-
tons > electrons) due to their effective mass. Miyazawa et al,
reported that MAPbI3-based PSCs can withstand accumulated
doses of up to 1016 electrons (1 MeV) and 1015 particles cm−2

protons (50 KeV), which can completely destroy c-Si and
GaAs-based solar cells [83]. Chen et al, demonstrated that
MAPbI3 is highly sensitive to electron beam exposure, lead-
ing to the rapid decomposition into the hexagonal PbI2 [84].
Xiao et al revealed that knock-on-induced defect formation
and heat-induced phase transformation are the two major fail-
ure pathways caused by electron irradiation [85]. The incon-
sistency may be originated from the different energy, fluence
and dose of electrons exposed. Lang et al, showed that triple-
cation perovskites exhibited an impressive radiation hardness,
even exceeding that of SiC. The proton irradiation leads to
a transition of MA-escape-induced deep energy-level defects
to shallow defects [86]. The PSCs maintained 95% of their
initial efficiency upon irradiation of protons at an energy of
68 MeV and a total dose of 1012 p cm−2. Stranks et al, indic-
ated that perovskite/copper indium gallium selenide (CIGS)
and all perovskite tandems are better space photovoltaics can-
didates compared to perovskite/silicon tandem due to super-
ior proton radiation hardness [87, 88]. Neutrons are created
when protons pass through the atmosphere at low earth orbit
or spacecraft shielding. Rossi showed that flexible PSCs with
benzothiadiazole-modified P3HT hole transport layers are
more resilient than spiro-OMeTAD under fast Neutron irradi-
ation (10 MeV, 1010 p cm−2) [89]. In addition to the effect on
perovskite absorbers, common glass substrates (e.g. soda-lime
glass) become darkened after irradiation, causing significant
loss in short circuit current (figure 6(d)) [58].

Electromagnetic radiations are high-energy photons with
energy ranging from 100 eV to 100 keV for x-ray and greater
than 100 keV for gamma-ray. Perovskites are not stable under
X and gamma rays irradiation. Svanstrom et al reported that
the decomposition of perovskite mainly follows two pathways
under x-ray irradiation [90]. (I) The decomposition of the
organic cation under radiation, resulting in the generation of
degradation byproducts from the organic component and the
breakdown of the perovskite framework. (II) Radiolysis of
lead halide framework to produce halide salts, halogen gas,
and metallic lead. The composition of perovskites is a determ-
ining factor. In the case of Cs0.17FA0.83PbI3, x-rays caused the
degradation of FA+, resulting in the formation of PbI2 without
metallic lead. While in the case of CsPbBr3, the decompos-
ition products are metallic Pb, CsBr and Br2. Boldyreva
et al observed similar composition-dependent degrada-
tion pathways when perovskites with various compositions
were subjected to gamma-ray irradiation. MAPbI3 is more
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radiation-tolerant due to its unique self-healing characteristics
[91]. Besides, gamma rays promote phase segregation of
mixed halide perovskite via the formation of I-rich and Br-rich
domains [92]. By using specialized glass to eliminate color
centers and suitable encapsulation, the gamma-ray induced
degradation could be greatly mitigated [93].

4.3. Strategies to stability enhancement

To solve the instability of the soft lattice features brought
about by the low formation energy of perovskite under thermal
stresses, an intrinsically stable perovskite composition is
highly desirable. The MA escape is a fatal problem under-
mining the stability of MAPbI3 PSCs. Replacing the smaller-
sized MA organic cation (MA: 2.17 Å) with HC(NH2)2+

(FA: 2.53 Å) can result in a tolerance factor of 0.99 and
avoid chemical decomposition under thermal stress [94]. The
suitable bandgap of FAPbI3 makes it a priority for current
researchers, but the photoactive black phase is thermody-
namically unstable at room temperature (RT) [95]. To solve
this problem, researchers have tried many hybrid components
around the main body of FAPbI3 and studied the A-site, B-
site, and X-site components separately to achieve optimized
ones with high PCE and stability [96]. A-site components,
such as CsMAFA, CsFA, and RbCsFAMA, all exhibited excel-
lent film quality and significant thermal stability enhancement
[97, 98]. The selection of X-site anions, in addition to improv-
ing film quality, is also critical for regulating crystal struc-
ture, lattice stress, and residual strain to improve thermal
stability [99, 100]. Brabec et al screened photothermal-stable
perovskite materials out of a composition matrix consisting of
160 kinds of commonly-used perovskite compositions using
a high-throughput robotic system (figure 7(a)). The T80 life-
times for 160 kinds of perovskite compositions were sum-
marized in figure 7(b). It turned out that the mixed-cation
mixed-halide perovskites with ∼5mol% Br, 10–20mol%
MA and ∼5mol% inorganic cations showed highest photo-
thermal stability (figures 7(b) and (c)) [101]. This work has
a directed significance to the selection of intrinsically stable
perovskite composition.

The formation process of perovskite film also affects
its quality and stability. Commonly, additive engineering in
the precursor solution is an practical measure for defect
passivation [102, 103], crystallization modulation [104–106]
and perovskite phase stabilization [107–109] during the crys-
tallization process. Considering grain boundaries are the main
channels for moisture or oxygen penetration, non-radiative
recombination and ion migration [110], it is crucial to enhance
the film quality through better grain boundary modification
[111, 112]. Li et al used TMTA additives that in-situ cross-
linked at grain boundaries to block moisture penetration, real-
izing stable inverted PSCs with 92.3% retaining of initial effi-
ciency after storing for 1000 h in air (relative humidity of
45–60%) [113]. Han et al used 5-ammoniumvaleric acid (5-
AVA) iodide additives locating at the grain boundaries to pre-
vent MAPbI3 from decomposition (figure 8(a)), the printable

mesoscopic device passed the key IEC61215:2016 standards
and operated at MPP for more than 9000 h of 55 ± 5 ◦C with
negligible decay (figure 8(b)) [7].

Due to the crystallization process, many dangling bonds
exist at the surface of perovskite films, which will become
defective sites for degradation andmore susceptible to external
environmental influences [114, 115]. Therefore, surface pas-
sivation (for both top and buried surface) to reduce defects
while inhibiting ion migration is a feasible way to reinforce
the stability of PSCs. There are several common methods for
the choice of surface passivation: (1) organic layers that could
interact with the underlying perovskite surface, represented by
Lewis acids or bases [55, 116, 117]. Recently, Hagfeldt and
his coworkers proposed a new sulfonium-based molecule to
passivate the upper surface of the perovskite film and extens-
ively reinforced the stability of PSC devices, which retained
99% of its initial performance after operating 4500 h at max-
imum power point tracking, yielding a theoretical T80 of over
nine years under continuous 1-sun illumination [118]. (2) inor-
ganic layers such as PbSO4 and chlorinated graphene oxide,
which possess stronger bonding ability, intrinsic stability, and
the ability to block ion migration than organic layers [119–
121]. In addition, inorganic capping layer also possess better
water-resisting property. Yang et al stabilized perovskite sur-
face using lead oxysalts and the resulted PSC retained 96.8%
of its initial efficiency afterMPP tracking for 1200 h in air with
relative humidity of 60 ± 10% [119]. (3) quasi-2D perovskite
capping layer. Forming LD/3D heterojunction can reduce the
defect density and enhance the moisture-resistance property
owing to the hydrophobic nature of 2D perovskite [54, 122,
123]. Through the optimization of 2D capping layer, Azmi
et al fabricated stable PSCs passing ‘double 85’ test (85 ◦C
and 85% relative humidity) (figure 8(c)) [54].

The selection of charge transport layers is also crucial for
determining the device stability. Inorganic transporting mater-
ials are generally more stable than organic ones and are usu-
ally adopted in the stability tests. For instance, You et al
greatly improved the air stability of PSCs by using NiOx

and ZnO nanoparticles as hole and electron transport lay-
ers respectively, retaining ∼90% of initial efficiency after
60 d storage in air with humidity of 30–50% [124]. Han
et al adopted p-doped NixMg1−xO and n-doped TiOx as car-
riers transporting layer and only ∼5% efficiency loss was
obtained after storage in air for 7 d [125]. To further improve
devices humidity stability, researchers started to introduce
extra moisture blocking layer in PSCs, such as Bi metals
[126], GO [120] and cross-linked polymer [127]. While the
doped Spiro-OMeTAD is generally adopted in most high-
performance n-i-p PSCs, which has an adverse impact on
device stability on account of the water absorption of its con-
ventional additive Li-TFSI and the holes left by the evapor-
ation of TBP by heat [73]. Therefore, the development and
use of stable, undoped organic [128–131] and inorganic [125,
132, 133] transport layer materials, or the dopants with good
stability [134] is the leading way to solve the problem. Aiming
to address the issue of electrode corrosion, Li et al intro-
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Figure 7. (a) The screening procedure for stable perovskite composition using the high-throughput screening system. The percentage point
means the ratio passing the last round of screening. (b) The T80 lifetimes for the perovskites aged at 65 ◦C under 100 mW cm−2

metal-halide light illumination in N2-filled atmosphere. (c) T80 lifetime statistics for mixed-cation perovskites with different Br
concentrations. Reproduced from [101], with permission from Springer Nature.

duced chemical anti-corrosion strategy to suppress electrode
reaction in PSCs by using organic anti-corrosion inhibitor
of BTA [135].

Besides, interfacial modification between the transport
layer and electrode by inserting interlayers can inhibit the
ion migration and chemical reaction there. Li et al pas-
sivated the interfaces of p-i-n PSCs by inserting an inter-
layer of organometallic compound ferrocenyl-bis-thiophene-
2-carboxylate (FcTc2) between perovskite and ETL, which
reduced the surface trap states and enhanced interface bind-
ing (figure 8(d)) [55]. The resulting devices maintained>98%
of their initial efficiency after 1500 h MPP tracing under con-
tinuous 1-sun illumination, and passed the damp heat test and
thermal cycling test (figure 8(e)) [136, 137].

Moreover, building a device structure without a transport
layer and or with a carbon electrode is an effective option
to deal with the metal electrode induced degradation [138,
139]. The commonly usedmetal electrodes like gold and silver
are susceptible to corrosion by the accumulated ions diffus-
ing from perovskite layer and charge transporting layer, which
compromises the overall stability of the device. Additionally,
the diffusion of metal elements into the charge selective layer

and perovskite layer could result in the formation of metal
halides, also undermining the stability of the device. By con-
trast, carbon electrode can greatly augment the stability of
solar cells by virtue of its chemical inertness, hydrophobic
properties, and the elimination of using hole transport layer
[140]. Low cost, plentiful resource and low process com-
plexity further add its commercial potential. The pioneering
work on carbon-based HTL-free perovskite solar cells was
introduced by Han and colleagues in 2013 with a PCE of
6.6% [141], using carbon black/graphite as contact electrodes.
Subsequently, the substitution of metal electrodes with carbon
electrodes has garnered significant interest. After a decade of
investigating, advancements in the optimization of composi-
tions, structures, manufacturing methods, interfacial connec-
tions, and device layouts have led to the gradual improvement
of PCEs in carbon-based perovskite solar cells to surpass 22%
[142–145]. Upscaling of carbon-based perovskite modules is
also on the way of progressing [146]. Han and his coworkers
reported a 12.87% PCE for high-temperature carbon-electrode
modules with an active area of 60.08 cm2 [147]. Moreover,
carbon-based PSCs has showed superior operational durab-
ility of over 9000 h, surpassing the stability of metal-based
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Figure 8. (a) The mechanism for 5-AVA enhancing the stability of MA-based PSCs. (b) Long-term MPP tracking for (5-AVA)xMA1−xPbI3
PSC. Reprinted from [7],© 2020 Elsevier Inc. (c) Schematics of tailoring the 2D/3D heterostructure by tuning the annealing conditions. TA
represents for thermal annealing at 100 ◦C, and RT represents for room-temperature process. From [54]. Reprinted with permission from
AAAS. (d) Device structure of the inverted PSC with FcTc2 as interface layer and the molecular dynamics simulations of the interaction
between perovskite and FcTc2. (e) Stability tests including long-term operational stability under AM 1.5 G illumination, damp-heat test and
thermal cycling test. From [55]. Reprinted with permission from AAAS.

devices [7]. These breakthroughs position carbon-based PSCs
as a promising choice for achieving a balance between cost,
efficiency, and stability among various types of perovskite
solar cells, paving the way for a lucrative commercialization.

5. The toxicity of lead in PSCs

5.1. Concern about the lead toxicity issue

Pb is an essential element in high-performance perovskite
solar cells, whose amount in the absorber is around 30 wt%
(i.e. ∼33.4 wt% in MAPbI3, ∼32.7 wt% in FAPbI3,
∼28.7 wt% in CsPbI3). Unfortunately, Pb is confirmed by the
World Health Organization as a harmful substance to humans,
especially for young children, because it can accumulate in the
body and cause damage to multiple systems and organisms
[148]. The effects of toxic Pb on human health have a long
history. Babayigit et al reviewed the absorption, distribution,
and excretion of Pb in humans when subjected to accidental
Pb exposure [149]. There are three routes of ingestion of Pb,
including gastrointestinal, respiratory, and dermal absorption

[150, 151]. Regardless of the way of ingestion, Pb compounds
tend to transport throughout the body by the blood to soft
tissues (liver, kidney, nerve tissue). Ultimately, 90% of the
Pb is gradually accumulated in bone in the form of insoluble
Pb phosphate, which has a typical half-life of 20–30 years.
Pb causes damage to the human body by mimicking essen-
tial elements such as Ca, Zn, and Fe, leading to impaired
enzyme and receptor function and heme activity interfer-
ence. Pb is excreted through excretory mechanisms, includ-
ing breast milk, making breastfed infants more susceptible to
Pb poisoning. When exposed to MAPbI3 perovskite, MAPbI3
induces apoptotic cell death in human dopaminergic neuro-
blastoma cells (SH-SY5Y). It dramatically changes the pro-
liferation capacity (e.g. increased size of cells, multiple nuc-
lei, increased number of lamellar bodies) and mitochondrial
activity (e.g. dramatically increased size, highly dilated intra-
pace, and severely damaged cristae organization) of the lung
adenocarcinoma epithelial cells (A549) [152]. Pb is also harm-
ful to ecosystems. When Pb2+ from PSCs leaks into water, it
causes zebrafish sac fry to suffer from growth inhibition, tail
malformation, and spine deformity [153]. Moreover, Pb from
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halide perovskites significantly increases Pb bioavailability in
mint plants and causes mint plants to turn black, rot, and even-
tually die. Similar trends are observed in the case of chili
and cabbage [154].

Although the lead content required and the Pb waste gen-
erated at the end of life in PSCs, according to relevant calcu-
lations, is far less than the amount produced by lead-acid bat-
teries in 1 year [155], the potential Pb leakage risk from PSCs
still needs to be avoided. To this end, countries worldwide have
established a series of rigorous Pb content standards for drink-
ing water and wastewater. For example, the Pb concentration
of wastewater and drinking water in China should not exceed
1 part per million (ppm) [156] and 10 parts per billion (ppb)
[157], respectively. The Pb concentration in drinking water in
the United States should not exceed 15 ppb [158].

5.2. Strategies to prevent Pb leakage

In practical operation, perovskite solar panels may be dam-
aged by outdoor natural factors (hailstones, hurricanes or fire,
etc). Pb can leak from the damaged region with rainwater and
contaminate the environment. Thus, it is imperative to develop
effective strategies that reduce Pb leakage. In this section, we
will briefly review some milestone works to gain insight into
the eco-friendly operation of PSCs and provide helpful guid-
ance to overcome the lead leakage issue further.

5.2.1. Physical encapsulation strategies. Physical encap-
sulation is extensively introduced to inhibit moisture and
oxygen permeation, which are essential for addressing tox-
icity issues of PSCs. Physical encapsulation employs poly-
mer and inorganic materials on the external surface of
PSCs, which can effectively prevent physical damage-induced
Pb leakage [159, 160].

Jiang et al [161] used the self-healing epoxy resin (ER)
between the PSCs module and the encapsulation glass, which
significantly slowed down the Pb leakage of the PSCs with no
negative effect on PCE (figure 9(a)). The glass transition tem-
perature (Tg) of ER polymers is 42 ◦C, which can be easily
reached by sunlight heating. When heated above Tg, the dam-
aged encapsulation layer would heal and re-isolated the dam-
aged device from the surrounding environment (figure 9(b)).
In contrast to the device with the glass cover encapsulation,
the device encapsulated with ER encapsulation reduced Pb
leakage rates by 375 times, mainly ascribed to the self-healing
characteristics and strong mechanical strength. Conings et al
[162] reported that the devices with EVA/modules/EVA/glass
architecture could leak little Pb in the fire safety assessment.
However, lead leakage can only be slowed down by physical
encapsulation and the toxic lead would still leak into the envir-
onment after long-term usage. Moreover, the additional glass
substrates would increase the cost.

5.2.2. Chemisorption strategies. Chemisorption has been
proven as more effective measure to prevent Pb leakage from
damaged or broken perovskite solar cells or modules. This
strategy captured Pb2+ ions by the firm chelate bonds between

the Pb ions and functional groups, including sulfate groups,
thiols, and phosphate groups, when the Pb-containing con-
stituent flows through Pb-adsorbing materials [167–170].

5.2.2.1. Internal chemisorption strategies. Chen et al [163]
put forward a sulfonate groups-contained cation-exchange
resin (CERs) to reduce the Pb leakage in PSCs (figure 9(c)).
As a consequence, CERs combinedwith carbon electrodes and
glass cover reduced the lead leakage by 62 times (figure 9(d)),
down to 14.3 (ppb), which meets the US Federal 40 Code
of Federal Regulations. Later, Chen et al [171] designed a
mesoporous sulfonic acid as an insulating scaffold in PSCs
to further reduced the amount of leaked Pb to 11.9 ppb in
acidic water.

Wu et al [164] used 2D metal-organic frameworks (MOF)
with free-standing thiol arrays to passivate the interface
between the PC61BM layer and the Ag electrode. The thiol
groups in MOF can trap Pb ions by forming a water-insoluble
Pb compound due to Pb-S bonds (figure 9(e)). As a result, the
content of Pb leaked from damaged devices in the water soak-
ing test was dropped down to below 20%. Recently, Xu et al
[172] successfully introduced an in-situ cross-linked insoluble
polymer (Spiro-NPU) as an internal encapsulating layer. The
Spiro-NPU optimized the photovoltaic performance, yield-
ing champion PCEs of 23.26% and 8 ppm of Pb leakage
during 30 d.

Although the Pb-adsorbing additives and interfacial mod-
ifiers with certain thickness (∼20–50 nm) could improve the
performance and reduce the lead leakage, they could not com-
pletely block lead ions leaking from a typical ∼500–1000 nm
perovskite film [173]. In addition, the excessive additives
could hamper the performance of PSCs and necessitate addi-
tional modification processes, such as spin coating and vapor-
assisted process, will increase the cost.

5.2.2.2. External chemisorption strategies. External
chemisorption strategies could isolate the device and ambi-
ent conditions to mitigate the Pb leakage. Specifically, Pb-
adsorbing materials are deposited on the front and back sides
of the device stack [174]. Li et al [165] integrated two Pb-
sequestrating materials, P,P′-di (2-ethylhexyl) methanedi-
phosphonic acid (DMDP) and N,N,N′,N′-ethyl enedia- mine-
tetrakis (methylenephosphonic acid (EDTMP-PEO) on the
glass and metal side, respectively (figure 9(f)), in which func-
tional phosphonic acid groups can effectively absorb Pb2+ in
rainwater. The DMDP film is insoluble in water, but has good
water permeability. Therefore, when water penetrates into the
device, it can effectively absorb Pb2+ in the water. As a res-
ult, the device with both sides coated with Pb-sequestrating
films exhibited 97.7% calculated sequestration efficiency on
average in the water-soaking test (figure 9(g)). The above
method requires additional spin coating process, which also
complicates device fabrication.

To adapt the scalable and commercial fabrication of Pb-
sequestrating layer, Li et al [175] further designed a scotch-
tape-like MDP-EVA package on both sides of devices with
standard and inverted structures. During 3 month outdoor test,
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Figure 9. (a) Schematic of four encapsulation methods (b) Attacked perovskite solar modules with different encapsulation methods after
the first water dripping test (top row), and after being heated at 45 ◦C for 4 h and the second water dripping test (bottom row). Reproduced
from [161], with permission from Springer Nature. (c) Device structure for perovskite solar cell with CER encapsulation layer. (d)
Schematic of Pb leakage prevention via CER. Reproduced from [163], with permission from Springer Nature. (e) Device structure of
perovskite solar cells with 2D conjugated MOF as electron extraction layer and the proposed mechanism for Pb leakage prevention.
Reproduced from [164], with permission from Springer Nature. (f) Device structure of perovskite solar cells with Pb absorbing materials
DMDP and EDTMP–PEO on the front and back sides respectively. (g) Water soaking test for damaged PSCs with and without Pb-absorbing
materials at RT and 50 ◦C respectively. Reproduced from [165], with permission from Springer Nature. (h) Roadmap for recycling
perovskite solar modules. Reproduced from [166]. CC BY 4.0.

the Pb-absorbing tapes can seal more than 99% of the Pb
ions in the PSCs, this tape can be easily applied to a variety
of PSCs regardless of their equipment configuration. At the
same time, this method is applicable to the general fabrica-
tion method of PSC encapsulation without affecting the device
performance. However, repeated scraping on the EVA film
tends to make the distribution of lead adsorption molecules
uneven, resulting in poor batch reproducibility. More effect-
ive external chemisorption strategies with better batch repro-
ducibility should be developed.

5.2.3. Recycling and reusing of PSCs. The costly and
poisonous materials from the end-of-life PSCs could be
recycled and reutilized in the manufacturing of new photo-
voltaic devices, which is of crucial significance for decreas-
ing their environmental impact, saving costs on raw materials,
and shortening the device’s energy payback time [176, 177].
Recycling, as a sustainable and eco-friendly route, effectively
lower the cost and energy consumption, improving the rival-
rousness of PSCs. Park et al [178] used the Fe-decorated

hydroxyapatite (HAP/Fe) hollow composite to recycle PbI2
and TiO2/FTO substrate. Later, they utilized recycled mater-
ials to fabricate PSCs and yielded a comparable PCE of about
18%. Similarly, Chen et al [166] utilized DMF and CER
to dissolve the perovskite layer and recycle PbI2, respect-
ively. The detailed procedure for PSM recycling is shown
in figure 9(h). The recycled PbI2 was used as the precursor
material, achieving a comparable PCE of 20.4%. Furthermore,
recycling materials including ITO glass, back cover glass, and
raw perovskite could save $4.24 m−2.

5.3. Towards commercialization

Nowadays, much research attention is paid to diminishing the
environmental impact of PSCs. Considerable breakthroughs in
the mitigation of Pb leakage during the device service life and
recycling of Pb at the device end of life have been achieved. In
view of perovskite solar cell commercialization, several meas-
ures could be taken, which may hold the key to further allevi-
ating the environmental impact of PSCs below the threshold
of Pb content standards and public acceptance.
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Fast adsorption speed and large adsorption capacity are the
keys to lead-trapping materials, either as encapsulants depos-
ited externally or as additives integrated into PSCs. Besides,
the lead-trapping materials need to have high selectivity in
the presence of Ca2+, Mg2+, which are common ions in
rainwater. From this perspective, small molecules and poly-
mers with functional groups that demonstrate strong bind-
ing energies with Pb2+ (e.g. –PO3H2 and –SO3H) are ideal
lead-trapping materials. In addition, the lead-trapping materi-
als should have an ignorable influence on the performance of
PSCs. This means that when used as an encapsulation layer
on the glass side, it should not affect the light transmittance.
And when used as a part of PSCs, it should not affect the car-
rier transport characteristics. Considering the aforementioned
factors, advanced lead-trapping materials from a molecular
engineering viewpoint should simultaneously realize multi-
functions, such as anti-reflection, self-cleaning, and defect
passivation. Other properties such as high robustness against
environmental stimuli (UV irradiation, heat and moisture) and
impact resistance are closely related to long-term reliability,
which are also required. In view of technology commercializ-
ation, the lead-trapping materials should be cost-effective and
reusable. The large-scale processibility and industrial practic-
ability should also be considered.

Regarding lead leak testing for PSCs, we should create spe-
cialized testing protocols. Simultaneously, it is essential to
simplifymethods of obtaining accurate data and developmath-
ematical models of lead leakage in order to mimic realistic
meteorological conditions in computers. Integration of vari-
ous encapsulation methods and recycling strategies to achieve
lower cost, lower lead leakage and greater efficiency, as well
as the development of testing standards, should be the focus of
future study.

6. Encapsulation of PSMs

The instability of perovskites in the ambient environment
(light, heat, and moisture) and their toxicity limits their devel-
opment towards practical applications and commercialization.
Encapsulation is a universal approach to enhance environ-
mental stability and avoid the lead leakage caused by rain-
water and physical damage. Compared to commercial silicon,
perovskite devices have more stringent requirements in encap-
sulated strategies on account of the unique physicochemical
properties of perovskite materials [179]. Materials chosen to
encapsulate perovskite devices need to be chemically inert,
resist to water and oxygen, have good toughness, and do not
degrade perovskite. As a result, it is very important to invest-
igate the most suitable encapsulation materials and strategies
for metal halide perovskites.

6.1. Encapsulation materials

The original purpose of encapsulation is to greatly improve
device stability by protecting them from ambient conditions.

Macromolecule materials can easily meet these character-
istics and have low requirements for encapsulation techno-
logy. They can be simply coated onto the device to inhibit
the erosion of ambient environment. Polydimethylsiloxane
(PDMS) is a representative material that can be easily syn-
thesized, which exhibits excellent hydrophobicity and ductil-
ity due to the existence of Si–O. Liu et al coated PDMS onto
PSCs, greatly enhancing the stability to over 3000 h in the air
[180]. Moreover, the properties of PDMS make it suitable to
be applied in flexible perovskite devices as well [181]. Similar
materials such as 1H,1H,2H,2H-perfluorodecyltrichlorosilane
(FDTS) and adamantane have also been reported [182, 183].
In addition, Han and co-workers demonstrated that polyureth-
ane (PU) or polyolefin (POE) is another great choice for
encapsulation [184]. However, these materials require relat-
ively high temperatures (80 ◦C or higher) to solidify or adhe-
sion with devices, making them unsuitable for encapsulat-
ing all types of perovskite devices. Epoxy has been the most
popular encapsulation material due to its strong water res-
istance and excellent adhesion. Flexible curing by heating
or UV irradiation makes it suitable for almost all types of
perovskite devices. Dong’s group obtained stable PSCs at
high temperature and relative humidity by simply covering
the perovskite device with epoxy [185]. Unfortunately, epoxy
is not suitable to direct contact with the perovskite device
because its vapor and by-products formed during the pro-
cess of UV-curing can cause great damage to the perovskite
[186]. To avoid the negative effect of epoxy, Lidzey et al,
introduced polyvinylpyrrolidone (PVP) as a protective inter-
layer between the perovskite devices and epoxy. They demon-
strated that the PVP can further prevent water and oxide
to form multilayer encapsulation for PSCs. The well-sealed
device can maintain 80% of its initial performance under
strong light irradiation after 1500 h [187]. Chen et al applied
paraffin as a low-temperature encapsulant to modify epoxy,
which has a great ability to eliminate residual water and
oxygen. PSCs encapsulated with modified epoxy exhibited
superior operational stability under continuous light irradi-
ation over 1000 h [186]. Besides, other novel materials like
graphene, SiO2, or NiO have also been reported to be adopted
in encapsulation [188–190]. However, simple encapsulation
cannot guarantee the stability of perovskite devices to meet the
commercialized standard.

6.2. Milestone works for encapsulation

In order to address the instability problem of PSCs, develop-
ing effective encapsulation strategies is as important as enhan-
cing the intrinsic stability of the PSC devices themselves. In
2017, Baillie’s team used polyisobutylene (PIB), which is a
mature encapsulation material in CIGS solar cells, to encap-
sulate the PSCs via a blanket-seal method. They pointed out
that heat is the major driving force for the degradation rather
than moisture and PIB via blanket-seal can efficiently sup-
press the formation of by-products of perovskite to improve
the lifetime of the device to 200 d under shelf life test [191].
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After that, they found that the blanket-seal technology com-
bining polymer and glass is extremely effective in preventing
adverse decomposition reactions, enabling the PSCs to sur-
vive more than 1800 h and 75 cycles of humidity freeze test,
which exceeded the requirement of IEC61215:2016 standard
for the first time [8]. To date, more and more groups have pre-
pared perovskite devices that can meet the IEC61215 stand-
ard by combining stable PSCs and encapsulation technology
[192]. Very recently, stable all-inorganic PSCs reported by
Zhao et al exhibited great potential for commercialization
[193]. They introduced a 2D capper layer to stabilize the
CsPbI3 perovskite and encapsulated the device with multiple
layers. Exciting operational stability under continuous light
at different temperatures was achieved and the predicted life
span is up to five years. Nevertheless, most of the encap-
sulation strategies are only available at the laboratory scale,
with the repeatability and effectiveness seriously affected by
individuals. Exploring encapsulation technology that is suit-
able for a larger scale is necessary to promote commercial-
ization. Chemical vapor deposition (CVD) technology is a
representative tool to deposit compact encapsulating films in
perovskite devices and it has the potential to apply on large
scale. Liu et al encapsulated a 22.4 cm2 PSC module with
parylene via CVD technology and the sealed module can con-
tinuously operate for 2000 h underAM1.5G light illumination
[194]. Other technologies including atomic layer deposition
(ALD) or plasma technology are also reported [183, 195,
196]. But the application of these technologies is still in its
infancy and it is necessary to further enhance their influence
in encapsulation technology. Finally, it is noticeable that all
the devices that have achieved over 1000 h of the IEC 61215
stability test are encapsulated with the assistance of glass.
The glass encapsulation sacrifices flexibility and stretchab-
ility, which significantly limits the application diversity of
halide perovskites.

Device encapsulation is also a feasible strategy to reduce
the detrimental effect of Pb toxicity, which contains physical
encapsulation and chemisorption. The encapsulation method
has the advantage of being universal and the ability to be used
in various periods. Some polymers have self-healing proper-
ties when their glass transition temperatures (Tg) are reached.
For ER-based polymers, the Tg are even as low as 42 ◦C. In
2019, Jiang et al selected the ER (diglycidyl ether bisphenol
A:noctylamine:m-xylylenediamine = 4:2:1, Tg = 42 ◦C) as
a encapsulant for PSCs [161]. The inserted ER layer between
PSCs and the top glass cover could lower the Pb leakage rate
by 99.7% under a simulated scene. Problems remaining with
this method. For example, it may take a long time (several
hours) to heal and it will fail when the environment temper-
ature is close to its melting temperature. The other effect-
ive strategy is to utilize chemisorption to decrease lead leak-
age. The Pb-absorbing materials need to be insoluble in water
but have good water permeability, and have functional groups
in their molecules that can strongly bind with Pb2+ ions so
that they can effectively absorb Pb2+ in rainwater. Besides, it
also needs high transparency when it is applied to the light
incident surface. Under these requirements, Li et al selec-
ted polar organic solvent soluble DMDP and deposited it on

the front glass side of PSCs by a solution coating process
[165]. The functional group that adsorbs Pb2+ ions is the
phosphonic acid in each DMDP molecule, which reduces lead
leakage by 96% in this structure. However, the metal ions
from the rainwater or dust may lead Pb absorber to lose its
functionality during long-term exposure. Thus, placing the
Pb adsorber inside the encapsulation structure or underneath
the perovskite layer should be a good option to avoid this
issue [169, 171, 197].

Noted that the lead leakage strategies mentioned above are
studied separately from the stability issues. The Pb absorb-
ing materials cannot provide the same protection from phys-
ical damage as glass-based encapsulation solutions. As two
equally important issues facing practical applications, seek-
ing for synergistic solution is imperative but will greatly
raise the complexity of the fabrication process. Therefore,
Huang’s group further presented a self-healable and lead-
adsorbing ionogel-based encapsulation (poly-acrylic acid)
strategy, which simultaneously improved impact resistance
compared to pure glass encapsulation [198]. What’s more, the
self-healing ionogel is placed between encapsulation glass and
the electrode, which can hold the shattered glass together even
if the glass is completely broken. Finally, the encapsulated
device passed the damp heat test (IEC 61215) and the lead
leakagewas effectively suppressed after the hail test. However,
the temperature required for the self-healing process is higher
than the normal working environment. As for the flexible and
stretchable device, the hydrophobic tough self-healing poly-
mer should be an ideal encapsulation choice. Different from
most self-healing polymers, which are not suitable for stabil-
ity improvement due to their substantial water vapor transmis-
sion rate, the hydrophobic tough self-healing polymer with
dynamic multivalent hydrogen bonds and the low Tg enable
self-healing without external stimuli. As a representative
work, Kim’s group tailored PDMS-MPU0.4-IU0.6 hydrophobic
tough self-healing polymer by incorporating strong hydro-
gen bonded 4,4′-methylenebis(phenylisocyanate) (MPU) and
hydrophobic isophorone diisocyanate (IU) with PDMS [199].
By using it as encapsulation material, the broken polymer
films can reconnect in ambient air or even in water, and the
connected films have very good stretchability. The PDMS-
MPU0.4-IU0.6 polymer encapsulated device exhibited better
lead leakage inhibition than the glass encapsulated device in
cell viability test and over 1000 h of stability at 50 ◦C/50%
RH condition.

7. Flexible perovskite solar cells and modules

With the innovation of portable electronic devices, wear-
able products gradually play an essential part in the emer-
ging consumer level for electronic devices, which can be
applied in biophysical behavior monitoring, human activ-
ity information recording, electrical vehicles or the IOT.
Thus, as one of the core configurations in wearable devices,
the exploration and attention on flexible power supply
unit have scientific and practical significance. However, the
continuous operation puts forward thorny requirements for
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Figure 10. (a) Design strategy of flexible perovskite solar cells; (b) pprospects for wearable perovskite photovoltaics [201]. John Wiley &
Sons. © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

wearable devices. Using photovoltaic conversion technology
as an external backup power source to reduce the battery capa-
city requirements may be an attractive strategy. Since the wet-
processed PSCs are compatible with printing fabrication upon
ultra-flexible substrates, the flexible perovskite modules are
expected to meet the actual requirement of existing civilian
portable equipment [200, 201]. However, the development of
high-efficiency and stable large-scale flexible perovskite solar
modules (F-PSM) still have a long way to go towards commer-
cialization. Different from the rigid PSM, the requirement of
F-PSM is much stricter, involving a flexible transparent sub-
strate and a low-temperature process. It is also more complic-
ated compared to their small cell counterparts, which not only
needs to ensure the homogeneity of each function layer over a
large area, but also needs to reduce the sheet resistance during
the series connection between individual solar cells. To ensure
the superior photovoltaic properties of F-PSM for commer-
cial application, the manufacturing process should be critic-
ally designed and optimized (figure 10(a)). Despite great chal-
lenges it may encounter, F-PSM still enjoy huge commercial
prospects owing to their great potential to be use as portable
power sources in wearable electronics. (figure 10(b)). In this
section, we have summarized the feasible selection of elec-
trode materials, substrates for F-PSCs, the toughening strategy

of each functional material, and the modular manufacture
of F-PSMs.

7.1. Flexible electrodes

Flexible transparent electrodes are critical for F-PSCs. In order
to obtain an excellent performance for flexible device, the
flexible transparent electrodes should simultaneously possess
high optical transmittance, low electrical resistance, super-
ior flexibility and excellent conductivity. Previous signific-
ant researches have already demonstrated that TCOs, carbon-
based materials, conductive polymer and metal-based mater-
ials are promising candidates in achieving highly efficient
and stable flexible devices [202–204]. The basic performance
parameters of commonly used flexible transparent electrodes
are summarized in table 4.

7.1.1. Transparent conductive oxides. The TCOs play a
pivotal role in the rapid and noticeable development of flex-
ible transparent electrodes, including tin-doped indium oxide
(ITO), fluorine doped tin oxide (FTO), aluminum doped zinc
oxide (AZO), indium zinc oxide (IZO) and tungsten doped tin
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Table 4. Summary of flexible transparent electrodes.

Electrode Sheet resistance (Ω sq−1) Optical transmittance (%) Bending properties References

ITO 10–15 85–90 Medium Kumar and Zhou [205]
AZO <10 >85 Good Mutiari et al [206]
IZO <10 >90 Medium Lee et al [207]
IWO ∼35 >95 Good Kim et al [208]
CNT 150–500 70–90 Good Zhang et al [209]
Graphene 110–780 70–95 Good Wang et al [210]

PEDOT:PSS 15–250 >80 Good
Lee et al [211]
Worfolk et al [212]

Metal nanowire 1–25 >90 Good Chen et al [213]
Metal mesh <2 >84 Good Zhang et al [214]
UTMFs <10 >82 Good Li et al [215]

oxide (IWO). Polymers coated with TCO have been commer-
cialized and are the most popular flexible substrates to fab-
ricate flexible devices. It is widely known that FTO is depos-
ited at too high temperature, which renders its application
impractical for polymer substrates. The manufacturing tem-
perature of IZO is much lower than that of FTO, while ITO,
AZO and IWO can be deposited at room temperature. AZO-
based flexible devices could display a chemical interaction
between AZO and perovskite, which dramatically deteriorates
device performances [216]. ITO is the most frequently adop-
ted TCO electrode and remains predominance in the flexible
devices, which can be attributed to low-temperature fabrica-
tion process, high optical transparency and mature industrial
manufacturing process. Up to date, the highest performance
of F-PSCs is mainly achieved based on ITO/polymer elec-
trodes. However, there are still serious issues when ITO elec-
trode is applied in the latest-generation flexible photovoltaic
devices. (I) ITO encounters the intrinsic brittleness obstacle.
(II) The low abundance of indium resources and expensive
vacuum deposition techniques would greatly increase the cost
of production and make it less competitive compared with
other transparent electrodes matched to roll-to-roll printing,
restraining the potential for industrial manufacturing. (III) ITO
prepared by current sputtering exhibits amorphous structures
and rough surfaces, resulting in poor transparency and high
sheet resistance. (IV) ITO is sensitive to acid and basis envir-
onments. These restrictions related to ITO are the insurmount-
able bottlenecks of commercializing flexible devices to satisfy
the demand of an industrial protocol.

7.1.2. Carbon-base materials. Carbon-based materials like
carbon nanotubes (CNTs) and graphene have been explored
to be alternatives of the transparent electrodes due to their rich
carbon composition, outstanding electrical properties, envir-
onmental robustness, flexibility, and direct scalable manufac-
turing capability. CNTs is a kind of unique cylindrical struc-
tured materials with nanometer diameter, which can be syn-
thesized via floating catalyst CVD with good reproducibility.
However, CNTs are difficult to be evenly dispersed, and their
high sheet resistance and high roughness would weaken the
carrier mobility and shorten the lifetime of flexible devices
[217]. Therefore, a suitable method is needed to develop CNT

films with high conductivity and transparent via mass produc-
tion. Compared with CNTs, graphene with single atom thick-
ness is smoother, more conductive and more transparent in
a broad wavelength range. Graphene possesses well chem-
ical and mechanical stability, which is synthesized on plat-
inum, copper or nickel foils through CVD and then trans-
ferred to the target substrate, resulting in lower reproducib-
ility. Graphene has unstable carrier mobility, which is usually
much lower than the theoretical value on account of the unsat-
isfactory quality of graphene film. As a result of the phys-
ical transfer process and the absence of chemical bonds, the
weak adhesion between graphene and substrate could lead
to inadequate contact and mechanical deformation during the
bending process [218].

7.1.3. Conductive polymer. In order to break through the
bendability limitation of ITO electrodes, conductive polymer
is developed as a favorable alternative. With its solution pro-
cessability, high optical transmittance, flexibility, and stretch-
ability, PEDOT:PSS is well-suited for low-cost roll-to-roll
industrial manufacturing. However, the inferior conductivity
of original PEDOT:PSS film is the key challenge, which can be
remarkably increased through the inclusion of polar solvents,
elastomers, acids, and ionic liquids [219–221]. The acid-free
strategy combined with polar solvent and post-treatment can
effectively enhance the conductivity of PEDOT:PSS, which
can be ascribed to the interconnected PEDOT:PSS and the
separated PSS. Although the tunable work function enable
PEDOT:PSS to be both cathode and anode, fewer studies have
used it as the top electrode due to its potential to damage the
the underlayer of perovskite film. Furthermore, PEDOT:PSS
film is unstable under the stimuli of UV light, high temperat-
ure and moisture, which hinders its potential applications.

7.1.4. Mental-based materials. Considering the good con-
ductivity and extensive optical transparency, metal-based elec-
trodes in the form of metal nanowires, metal meshes and
ultrathin metal films (UTMFs) are powerful candidates of
electrodes in flexible optoelectronics. Metal nanowires, espe-
cially silver nanowires (AgNWs) have been esteemed the most
promising metal nanowires because of their outstanding opto-
electronic and mechanical properties. The main concern of

21



Mater. Futures 3 (2024) 022101 Topical Review

Table 5. Properties of flexible polymer substrates.

Substrate Tg (◦C) Tm (◦C) Density (g cm−3) Water absorption Dielectric coefficient Solvent resistance Dimensional stability

PET 70–110 115–258 1.39 0.4–0.6 3.0–3.8 Good Good
PEN 120–155 269 1.36 0.2 — Good Good
PI 155–270 250–452 1.36–1.43 1.3–3.0 3.4 Good Fair
PDMS −125 −43 1.03 >0.1 2.7 Good Good
PES 225 315–335 1.37 0.43 3.5 Good Good
PC 150 267 1.2 0.4 3.0–3.2 Poor Fair

Tg: glass-transition temperature; Tm: melting temperature.

AgNWs includes poor chemical stability, rough surface, high
contact resistance, and loose adhesion of AgNWs on the poly-
mer substrates. By adding additional materials or adopting
novel preparation processes, these shortcomings of AgNWs
electrode can be improved effectively [222]. Metal meshes
including Ag, Pt, Au, Mo, Cu, Ni, and even hybrid meshes can
be integrated with additional transparent conductive materi-
als to conduct high-performance compound electrodes. Metal
meshes prepared by photolithography method are expensive
and time-consuming, primarily by evaporating the metal films
on patterned photoresist film that is selectively exposed with
a mask, and then peeling the photoresist. Novel manufactur-
ing tactics for flexible devices with metal mesh electrodes
need to be exploited to extend scalable fabrication. In addi-
tion, ULMFs with a thickness of around 10 nm are promising
transparent electrodes. The application of ULMFs electrode
in flexible devices is still restricted mainly owing to the lower
light transmittance.

7.2. Flexible substrates

Flexible polymer substrates, such as polyethylene terephthal-
ate (PET), polyethylene 2,6-naphthalate (PEN) and polyim-
ide (PI), are the most prevalent and competitive flexible sub-
strates by virtue of their high transparency, robust bendabil-
ity, light weight, low cost and potential for roll-to-roll process.
Although PET materials have been normally chosen as com-
mercially flexible substrates for devices, their low heat resist-
ance and mechanical stability are still inadequate for specific
applications. Among these ideal flexible polymer substrates,
PEN and PI are very attractive for high temperature tolerance,
considering that most of the processing temperature of charge
transport layer and perovskite films are more than 150 ◦C. The
price of colorless PI is quite expensive. Polycarbonate (PC)
and polyethersulfone (PES) exhibit outstanding optical trans-
parency, which is conducive to substrate material of flexible
photovoltaic devices. But the chemical stability of PC lags far
behind other flexible polymer substrates. Additionally, flex-
ible polymer substrates show poor permeability to oxygen and
water molecules, and cannot completely prevent the attack
from oxygen and water. Therefore, in order to realize long-
term stability of flexible devices, more stable encapsulation
approaches are urgently required. The properties of flexible
polymer substrates are summarized in table 5.

7.3. Toughening strategies for F-PSCs

The mechanical stability of perovskite layer, charge trans-
port layers, and the interfaces between them are the key
to realize high-performance F-PSCs. In PSCs, the photoact-
ive perovskite layer plays a decisive role to the efficiency.
Therefore, improving the toughness of perovskite layer comes
the first priority. To enhance the bendability of perovskite
films, Chen et al incorporated an elastomer PU into per-
ovskite precursor solution to crosslink the grain boundar-
ies and formed a PU network in perovskite films, signific-
antly improving the bendability and enhancing the crystallin-
ity of F-PSCs [223, 224]. Using the similar PU polymer,
Lan et al demonstrated that self-healing protection is also a
feasible measure to reinforce the bendability of perovskite
thin films [225]. Additionally, other crosslinking agents like
methyl methacrylate and 5-aminovaleric acid have also been
developed and applied to toughen mechanical stability of F-
PSCs [226–228]. For example, Jiang et al incorporated a cross-
linking oligomer of trimethylolpropane ethoxylate triacrylate
(TET) into perovskite films and simultaneously improved the
PCE and stability of the F-PSC [228]. Specifically, The TET-
incorporated PSCs retained about 87% of its original value
after 20 000 bending cycles at a radius of 4 mm. Besides,
elastic encapsulating has also been reported to be an effect-
ive technique for improving the bendability of PSCs [229].
In addition, it is also important to develop high toughness
ETL and HTL to further increase the mechanical stability
of F-PSCs [230–232]. Recent works demonstrated that ETL
[233] and HTL [234] with high toughness can substantially
relaxes the mechanical constraint of the PSCs even under large
bending deformation.

When the PSC is bent, partial PCE loss could be ascribed
to the brittleness and discrepancy of perovskite thin film
on different substrates. Inspired by the robust crystalliza-
tion and flexibility of vertebrae, Meng et al implemented
an interfacial layer made of conductive and glued poly-
mer of PEDOT:EVA between the ITO and perovskite layer
(figure 11(a)), which simultaneously facilitated directed crys-
tallization of perovskite and improved the mechanical sta-
bility of the whole solar cell. An efficiency of 19.87% for
1.01 cm2 F-SCs and an efficiency of 17.5% for 31.2 cm2

PSMs were achieved [235]. The fabricated PSMs can work as
wearable power sources for low-power devices (figure 11(b)).
Increasing the adhesion toughness at the interface between
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ETL and the perovskite layer is another strategy to enhance
mechanical reliability of the F-PSCs. Padture et al introduced
an iodine-terminated self-assembled monolayer (I-SAM) at
the ETL/perovskite interface, successfully promoted the PCE
of flexible PSC from 20.2% to 21.4%, and further improved
its operational stability [236, 237]. We believed that when the
bendability of all functional layers and interfacial adhesion in
the F-PSCs are effectively improved simultaneously, the effi-
ciency and stability of F-PSCs can be further enhanced.

7.4. Flexible perovskite solar modules

7.4.1. Materials and structure design. Due to the unique
requirements of large-scale F-PSMs, the materials and struc-
ture of devices should be seriously designed. Regarding the
transparent conductive electrode, it normally consists of a
plastic substrate (e.g. PET, PEN) and metal-oxide conductive
thin films (especially the ITO). Given the fragility of ITO, it is
hard to ensure mechanical robustness in the long term or under
extreme bending. To solve this problem, alternative polymer
conductive layer would be a better choice, which is also com-
patible with scalable deposition methods. Hu et al reported
a slot-die printed large-scale polymer network electrode to
replace the ITO on the PET flexible substrate in 2019, demon-
strating a 10.9% efficiencywith an aperture-area of 25 cm2 and
an 80% efficiency retention even after 5000 bending cycles
at a curvature radius of 3 mm [219]. Given the poor thermal
tolerance of flexible plastic substrates, the subsequent depos-
ition of ETL/HTL should be controlled under a low temperat-
ure. Therefore, a lot of low-temperature processed nanocrys-
tal films have been explored as the charge transport materials
for F-PSMs, such as TiO2, SnO2, NiOx, [240, 241] etc. How
to deposit the functional layers in a large scale is the main
concern of F-PSMs. Table 6 summarizes the typical upscaling
methods of each functional layer in F-PSMs. Upscaling depos-
ition tools including printing, spray coating, or vacuum depos-
ition have been developed to deposit large-scale charge trans-
port layers efficiently [240, 242, 243]. However, the deposition
of high-quality large-area perovskite films is always a major
challenge even in rigid PSMs. Many efforts have been devoted
to upscaling high-quality large-scale perovskite films, e.g.
slot-die coating [241], blade coating [244], vacuum deposition
[243], etc. And among them, solution processing methods are
promising because of the compatibility with roll-to-roll (R2R)
gravure-printing for mass production of F-PSMs [241, 245].

7.4.2. Milestones of the F-PSMs. The first F-PSM was
reported in 2015 by Giacomo et al, which adopted a normal
structure with mesoporous TiO2 scaffold on an ALD-TiO2

surface to enable efficiency of 3.1% on a 5.6 cm × 5.6 cm
PET/ITO substrate [248]. And then in 2016, Yeo et al reported
an invert structured F-PSM with a higher efficiency of 8.1%
on an active area of 10 cm2 by employing a molecular-doped
reduced graphene oxide with fluorine atoms (MFGO) as the
HTL on a PEN/ITO substrate [249]. To further increase the
performance of F-PSMs, the layout of PSCs in a large-scale
F-PSM should be carefully designed. An effective way is to

utilize laser scribing to replacemechanical scribing, which can
not only improve the GFF but also reduce damage to the layer
underneath [242]. In 2017, Dagar et al fabricated a fully laser-
patterned formal structured FPSM with a PCE of 8.8% (active
area of 12 cm2) by applying a mesoporous TiO2 scaffold layer
over a compact SnO2 layer on PET/ITO substrate [250], and
this is the first time a complete three-step laser scribing pro-
cedure (P1, P2, P3) was used in the manufacturing of F-PSMs.

Since then, the exploration for F-PSMs seems to have
been ignited, including selecting different substrates [52, 216]
and developing ultra-thin or wearable devices [235, 251].
Works have been done on seeking strategies to further improve
the efficiency and stability of F-PSMs simultaneously, such
as interface engineering or additive engineering of function
layers [252]. For example, Bu et al developed a universal inter-
face passivation strategy to improve the efficiency and stabil-
ity of F-PSM by using potassium ions to treat the surface of
a slot-die printed SnO2 layer on PET/ITO substrate in 2018,
as shown in figure 11(c) [238]. High efficiency of over 15%
was achieved for an F-PSM on a large area of 16.07 cm2, as
well as a good mechanical stability and no more than 30% loss
even after 1800 bending cycles. In 20 139, Hu et al reported
a biomimetic crystallization of perovskite with the assistance
of additives and a certified efficiency of 7.91% was achieved
for a 56.02 cm2 wearable F-PSM with a PEDOT:PSS/PDMS
substrate [251]. And Dai et al reported a record aperture effi-
ciency of 15.86%with an area of 42.9 cm2 on flexible Corning
Willow Glass using ammonium chloride (NH4Cl) additive in
2019 [52]. These excellent preliminary explorations broaden
the potential of F-PSMs towards diverse application fields.

However, all these infusive achievements of F-PSM are
based on a mini-module scale (<100 cm2), it is necessary to
demonstrate the sub-module scale (>200 cm2) FPSM to break
the upscaling limit. Chung et al firstly demonstrated large-
scale flexible perovskite solar sub-modules through structure
optimization in 2020 [253]. They reported a porous planar
(Zn2SnO4/SnO2) ETL and demonstrated PCE of 12.9% and
11.8% for 225 cm2 and 400 cm2 aperture area respectively.
Nevertheless, all the steps from ETL to HTL are based on a
spin-coating method which is not an effective route for indus-
trial manufacturing. Kim et al in 2020 [239] demonstrated a
fully R2R printed PSC (figure 11(d)) with an efficiency of over
13%, the printing process of which is illustrated in figure 11(e).
But it was based on small-area device, and fabricating large-
area F-PSMs through scalable methods for all functional lay-
ers is still challenging. The advances for F-PSMs via scalable
fabrication methods for all functional layers are summarized
in table 6. There is still a long way to go towards commercial-
ization for F-PSMs.

In addition, the flexible two-terminal (2T) perovskite/per-
ovskite tandem solar cells [254] and 4T perovskite-
Cu(In,Ga)Se2 tandem mini-module [255] have also been
developed in 2022. Tan et al enhanced the contact between
NiO and perovskite through inserting a self-assembled mono-
layer. 23.5% efficiency was achieved for a 1.05 cm2 flexible
all-perovskite tandem solar cell. Theoretically, it would have
a higher performance, and its development will further accel-
erate the commercialization of F-PSMs.
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Figure 11. (a) Structure of F-PSC inspired by vertebrae, and (b) the application as wearable power sources. Reproduced from [235].
CC BY 4.0. (c) The schematics for potassium interfacial passivation. Reproduced from [238]. CC BY 4.0. (d) Photograph of fully R2R
gravure-printed PSCs. (e) Schematics of R2R processing procedure for F-PSMs. Reproduced from [239]. CC BY 4.0.

7.5. Towards commercialization

Flexible perovskite solar cells (F-PSCs) have received tre-
mendous attention owing to their huge advantages of flexib-
ility, high power-per-weight, portability and low-cost roll-to-
roll fabrication. Unfortunately, even though the certified effi-
ciencies of single-junction flexible PSCs have reached 23.8%
[13], large-area F-PSMs fabricated by scalable methods are
quite limited. The present photoelectric functional materials
(perovskite, interface and electrode materials), module con-
figuration and fabrication technologies (spin-coating, slot-die
printing and so on) are not matched with the industrial mass
production of PSCs or PSMs. Even if the rational device con-
figuration and deposition techniques are selected, the serious
efficiency loss of large-scale structural design and manufac-
turing process are still the bottlenecks that limit the com-
mercialization transition for the F-PSMs, which needs to be
further investigated.

8. Perovskite indoor photovoltaics

Due to the increasing demand for self-powered electronic
devices, indoor photovoltaics (IPVs) have gained significant
attention and developed quickly. Bulky power supplies on
everyday electronics become a burden, shortening the lifespan

of mobile devices. As a result, these stand-alone, low-power
and off-grid electronic devices place new demands on the cost,
size, weight and efficiency of wireless powered equipment
[256]. IPVs an convert indoor light into electrical energy and
become a powerful technology in IoT systems. In recent years,
IPVs based on organic photovoltaics (OPVs), dye-sensitized
(DSSCs), GaAs and amorphous silicon (a-Si) have developed
rapidly [257–260]. However, these types of indoor photovol-
taic devices have the limitations of high cost, mismatch of
band gap under indoor light, difficulty in fabricating flexible
devices, and relatively low efficiency. Therefore, it is critical
to create a class of straightforward, affordable, and lightweight
self-powered devices for IoTs [261]. The advantages of per-
ovskite indoor photovoltaics (PIPVs), such as low cost, easily
fabricated flexible devices, and flexibly adjustable band gaps,
increase the prospect of indoor commercialization, which is
more in line with the requirements of IoT systems [169, 253,
262, 263]. Cost, efficiency, and stability taken together with
IPV’s level determine if it can have a prominent place in the
current competitive photovoltaic technology industry. [264].

8.1. Advantages of perovskites in IPVs

PIPVs require large-area flexible manufacturing techniques
due to the characteristics of durability, wearability, and
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portability of IoT systems. The continuous R2R procedure
could produce perovskite thin films much more quickly and
cheaply than alternative production techniques. Zuo et al
showed how to fabricate devices using a 6.25 cm2 flexible
substrate and a blow-assisted pouring process with the assist-
ance of NH4Cl additive using R2R in air, with a PCE above
11% [265]. Kim et al used gravure printing for the first time
in 2019 to create flexible perovskite devices [266]. The per-
ovskite layer was fabricated with a two-step sequential process
with partial R2R treatment. The PCE of the matching device
was 9.7%. The production cost can be effectively decreased
by using R2R approach. However, the low PCE of this method
limits its future development. In order to enhance the function-
ality of the devices, flexible large-area PIPV also necessitates
the development of cutting-edge techniques. These include
component engineering, interface engineering, and solvent
atmosphere engineering.

Perovskite materials are particularly desirable in IPVs by
virtue of their wide tunable band gap. Perovskite crystals are
commonly ABX3 structures, where A-site is a monovalent
cation (FA+, MA+, and Cs+), B-site is a divalent metal cation
(Pb2+ and Sn2+), and X-site is a halide anion (Cl−, Br− and
I−) [267]. The initial PSCs started with methylammonium
lead iodide (MAPbI3) with a band gap of 1.55 eV [268],
which can be extended to other perovskite compositions by
replacing different sites. Through compositional engineering
with mixed different cations or anions, the band gap of per-
ovskites can be continuously tuned from infrared (1.15 eV)
to UV (3 eV), making them excellent candidates for IPVs
as well as for the creation of PVs in unique settings like
microwave and infrared. The performance of PSCs serves
as the foundation for the creation of highly effective PIPVs.
When creating PIPVs, it is possible to prevent performance
degradation brought on by technical difficulties by choosing
bandgap-matched perovskite materials from advanced PSCs.
High-performance PIPVs can currently be made using all-
inorganic perovskite materials CsPbBrI2 (1.89 eV) and CsPbI3
(1.7 eV) to match the spectrum of indoor light sources (200–
700 nm) [269]. It is undeniable that as photovoltaic techno-
logy advances, a wider range of perovskite materials can be
employed to create high-performance PIPVs.

8.2. Accurate measurement of IPVs

The performance of photovoltaic devices differs significantly
between indoor and outdoor environments. Therefore, a pre-
cise assessment of IPVs’ photovoltaic performance is essen-
tial. A number of interior lighting options, such as indirect
sunlight, incandescent, halogen, fluorescent, LED, and other
low-intensity (200–1000 lux) light sources are used in our
daily life. Using the matching incident power, the illumin-
ance of an indoor light source can be expressed using the
following formula [270]:

Ev = Km ×
∞̂

0

Eλ ×V(λ)dλ (6)

where V(λ) denotes the CIE spectral luminosity factor for
human photopic vision and Km equals to 683 lm W−1.

For accurate calibration of indoor light sources, Wong
et al and colleagues recommended utilizing a general-purpose
LED light meter with National Institute of Standards and
Technology-traceable calibration. They also advise utilizing
the maximum power point Pmax and PCE values to precisely
evaluate device performance [270]. Cui et al suggested that
the following elements be included in an accurate IPV test
[271]. (1) The indoor photovoltaic measurement light source’s
instability should be kept below 2%. The test needs to be car-
ried out in a well-lit location with a less than 2% spatial distri-
bution in light intensity. (2) Use a mask that is the same size
as or greater than the cell transparent substrate to test PCE.
(3) Spectrometers rather than illuminometers are more suit-
able for calibrating interior light sources. (4) The test accur-
acy can be validated by comparing the Jsc (EQE) and actual
Jsc differences by no more than 5%. Generally, choosing an
appropriate light source and calibrating the light source using
a spectrometer are essential steps. The performance of IPVs
should also be described in terms of light source parameters,
like light intensity and lux, and power parameters.

8.3. Progresses and perspectives

In 2015, Chen et al firstly reported the low-light performance
of perovskite photovoltaics and device engineering specific-
ally for this application [272]. This work effectively reduced
traps in perovskite active layer by improving the fabricat-
ing process of the electron-transporting layer. The optimized
device exhibited a higher fill factor at a light intensity of
100 lux. Finally, they achieved a PCE of 22.5%–27.4% at
100–1000 lux for small-area devices, and 20.4% for large-area
devices (5.44 cm2) under 600–1000 lux. This was strongly
competitive with the expensive GaAs and AlGaAs photovol-
taics reported at that time (19.4% and 21.1%) and the state-
of-the-art DSSC, OPV submodules (14.1% and 14.3%) on the
market. In 2018, Li et al used 1-butyl-3-methylimidazolium
tetrafluoroborate ionic liquid for the first time as amodification
layer for [6,6]-phenyl-C61-butyric acid methyl ester) (PCBM)
in an inverted PSCs for the first time [273]. The addition not
only flattened the interfacial contact between the PCBM and
the electrode, but also facilitated electron transport and extrac-
tion due to the surface passivation of the trap states. The res-
ulting PSCs exhibited a record indoor PCE of 35.20% under
a fluorescent lamp of 1000 lux. The breakthrough efficiency
guided further research and development of PIPVs. Three
years later, He et al achieved record low-light PIPVs efficiency
over 40% with bulk trap passivation using micron-thick per-
ovskite films in 2021 [274].

Considering the matching of perovskite bandgap and
indoor light source spectrum (200–700 nm), all-inorganic
perovskite materials CsPbBrI2 (1.89 eV) can be used to
fabricate high-performance PIPVs. Wang et al firstly used
(NH4)2C2O4H2O to treat CsPbBrI2 perovskite films dur-
ing spin coating process, thereby improving the charge
transfer ability and reducing ideality factors of perovskite
[275]. Afterwards, they investigated the smelting multiple
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recrystallization strategy and its effect on the morphology,
composition and defects of CsPbBrI2 films [276]. The crys-
tal structure was optimized, yielding high-quality perovskite
films with significantly reduced trap density of states. The
final optimized photovoltaic device exhibited a higher indoor
PCE of 33.50% (2956 K, Pin: 334.41 µW cm−2) under LED
light source. Compared with rigid devices, flexible PSCs can
provide a more suitable surface for indoor small electronics,
making them promising for indoor applications. Chen et al
conducted research on indoor photovoltaics of flexible PSCs
for the first time [277]. They utilized a 3D cross-linking agent
called borax that could permeate grain boundaries of per-
ovskite films to achieve all-round stress release. This strategy
improved the phase and mechanical stability of perovskite
films under large temperature changes and external forces.
The merit of low trap density under indoor light enabled the
device to exhibit an excellent indoor PCE of 31.85% at 1062
lux (LED, 2956 K). Additionally, because indoor photovol-
taics are more possible to contact with humans, the toxicity
of photovoltaic devices is also an important consideration for
final market selection. Yang et al applied lead-free tin-based
perovskites to IPVs for the first time [278]. They introduced
catechins into the perovskite layer to inhibit oxidation of Sn2+,
resulting in FA0.75MA0.25SnI2Br films with lower Sn4+ ratio.
The final optimized device achieved a maximum P CE of
12.81% at 1000 lux. This work further advances the potential
of lead-free PSCs for IPV applications.

9. Future perspectives

In this review, we have systematically analyzed the current
status, remaining challenges and promising directions towards
commercialization for perovskite solar cells. PSCs have made
remarkable achievements during the past few years benefiting
from the deeper understanding of the film formation process
and increasingly mature fabrication techniques. Researches
have been focused on the transition from lab to fab for both
academia and industry. Currently, perovskite solar cells are
in the early stages of industrialization, with a growing num-
ber of start-ups and new-energy enterprises starting to deploy
production lines. With capital continuously pouring it, the
industry community and academia need to hold a rational atti-
tude at this moment and speed up the fundamental research to
sweep away the hurdles in the way of commercialization.

One of the most critical factors influencing the commercial-
ization of perovskite solar cells is the continuous advancement
of up-scaling performance. Up to now, most reported PSMs
still lag far behind in efficiency compared to small-area PSCs
with a PCE over 26%. The PSMs with more than 20% effi-
ciency are usually with an area of below 100 cm2. The highest
record for large-scale perovskite solar modules was 19.9%
with an active area of 810 cm2, which is less competitive com-
pared with crystalline silicon module’s 24.4% at 13 177 cm2

[6]. There is still long way to go for the upscaling of PSCs.
Although perovskite inks that are compositionally favorable
for large-scale manufacturing process are widely explored, it

is still challenging to achieve reproducible and homogenous
large-area perovskite films. Besides, another key issue is to
obtain all device layers by fully scalable fabrication methods,
and the processing techniques for large-scale production still
needs to be investigated.

Operational stability is also an intractable problem for
PSMs. Except for the vulnerability of perovskite materials
in outdoor conditions (such as humidity, temperature and
light), halide ions (such as I-) from the perovskite layer can
rapidly erode metal electrodes by direct contact in the P2
scribe channels [279]. Thus, appropriate top electrodes need
to be developed. Furthermore, it is necessary to explore effect-
ive external and internal encapsulation strategies to hinder
degradation and lead leakage. Ion migration or diffusion
should also be tackled. Moreover, it is significant to estab-
lish a standardized characterization protocol for suitable valu-
ation of the results reported by different research groups
from all over the world. Still, we believe that the continu-
ous printing of high-performance PSMs can be achieved with
the reasonable compositional engineering, the rational design
of modular structure and the development of appropriate
printing technology.

Apart from the researches targeting perovskite solar cells
and modules, encapsulation, as a crucial step in industrializ-
ation, should not be neglected, owing to their powerful role
in both enhancing stability and blocking lead leakage. In gen-
eral, the encapsulation technology for perovskite devices has
developed rapidly in recent years. It has enabled increasingly
stable perovskite devices to approach commercial standards,
which is a huge milestone. However, there are still some
immature technical problems in the encapsulation techno-
logy of perovskite devices, including large-scale, mechaniz-
ation and cost, etc. Methods to solve these problems include
using mature CVD, ALD, and other technologies. Besides,
encapsulation technology can also focus on other charac-
teristics of perovskite devices such as flexibility, stretchab-
ility, heat dissipation, self-cleaning, and aesthetics, etc. As
the last step of perovskite commercialization, the encapsu-
lation technology needs to keep up with the development
of perovskite devices and prepare for the commercialization
of perovskite.

Although the current photovoltaic market is still domin-
ated by crystalline Si solar cells, the space for cost reduction
and efficiency improvement of Si solar cells is getting smal-
ler and smaller. Given this, PSCs become promising altern-
atives with great upside potential. Although challenging, we
believe that with continuous research and investment, PSCs
have the potential to revolutionize the solar energy industry,
and offer a promising pathway towards a sustainable and low-
carbon future.
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