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Toward the Commercialization of Perovskite Solar Modules
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Jinsong Huang,* and Jia Zhu*

Perovskite (PVSK) photovoltaic (PV) devices are undergoing rapid
development and have reached a certified power conversion efficiency (PCE)
of 26.1% at the cell level. Tremendous efforts in material and device
engineering have also increased moisture, heat, and light-related stability.
Moreover, the solution-process nature makes the fabrication process of
perovskite photovoltaic devices feasible and compatible with some mature
high-volume manufacturing techniques. All these features render perovskite
solar modules (PSMs) suitable for terawatt-scale energy production with a low
levelized cost of electricity (LCOE). In this review, the current status of
perovskite solar cells (PSCs) and modules and their potential applications are
first introduced. Then critical challenges are identified in their
commercialization and propose the corresponding solutions, including
developing strategies to realize high-quality films over a large area to further
improve power conversion efficiency and stability to meet the commercial
demands. Finally, some potential development directions and issues requiring
attention in the future, mainly focusing on further dealing with toxicity and
recycling of the whole device, and the attainment of highly efficient
perovskite-based tandem modules, which can reduce the environmental
impact and accelerate the LCOE reduction are put forwarded.

certified power conversion efficiency (PCE)
of 26.1%, showing promising potential in
the photovoltaic (PV) field.®) To date, the
record-high PCEs are merely realized on
small-size PSCs (~0.1 cm?), while the de-
velopment of large-area PSMs still lags.[*°]
Systematic investigations and a compre-
hensive understanding of PSMs are ur-
gently needed for their ongoing commer-
cialization process. In the beginning, we
believe it is essential to reach a consen-
sus on the terms: “cell” and “module”
for the following discussion. According to
the National Renewable Energy Laboratory
(NREL) Champion Photovoltaic Module Ef-
ficiency Chart, the size of a typical solar
module should exceed 200 cm? and can
be further subdivided into four categories:
200-800 cm? (submodule), 800-6500 cm?
(small module), 6500-14 000 cm? (standard
module), >14 000 cm? (large module).l®]
The NREL definition focuses primarily
on the industrial consideration where no
standards have been set for sizes below
200 cm?. However, for the perovskite PV
community particularly from the academic

1. Introduction

Since first employed as sensitizers in dye-sensitized solar cells
(DSSCs), organic-inorganic hybrid perovskites have emerged as
one of the most attractive light-harvesting materials.!"?] With
the rapid development, single-junction PSCs have exhibited a

community, the areas of reported modules are often below
200 cm?. Thus, a complementary definition by Green et al. can
be considered at this stage that a PV device with an area exceed-
ing 1 cm? can be called a cell and the sizes between 10-200 cm?
can be called a minimodule.[”#] Here, we combine these two stan-
dards to give a comprehensive definition, the details of which can
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Table 1. Size criteria are defined by the Solar Cell Efficiency Table and NREL
chart and the combined size criteria used in this manuscript.

Size [cm?] Criteria (by Green et al.) Size [cm?] Criteria (by NREL)
>1 Single-junction cell 200-800 Submodule
10-200 Minimodule 800-6500 Small module
200-800 Submodule 6500-14 000 Standard module
>800 Small module >14 000 Large module
Size (cm?) Combined criteria

<1 Small cell

1-10 Cell

10-200 Minimodule

200-800 Submodule

800-6500 Small module

6500-14 000 Standard module

>14 000 Large module

be found in Table 1. For convenience, we also define the devices
with an area below 1 cm? as small cells consistent with the pre-
vious literature.[>®]

In this review, we first introduce the current status of per-
ovskite PV devices and then identify their potential applications
and critical commercialization challenges. We then focus on how
to overcome these extant challenges, including developing strate-
gies to fabricate high-quality films over a large area and further
improve PCEs and stability for commercial demands. To expound
on the points, the following sections include an introduction to
device configurations, scalable deposition methods, strategies to
improve film qualities, cost evolution, and life cycle assessment.
In the final, we propose some potential issues and developing
directions for the future.

2. Current Status of Perovskite PV Devices

The golden triangle is commonly used to evaluate the feasibil-
ity of the commercialization of PV technologies, including PCEs,
lifetime (or stability), and cost (Figure 1a).° A combination of
these factors contributes to an ultimate measurement index, the
LCOE, which reveals the average net cost of electricity generation
for an electricity generator over its lifetime.[>1% There are no very
strict industrial demands of these parameters in PV fields, but
for emerging PV technologies toward commercialization, they
should have an LCOE comparable to the state-of-the-art analogs,
for example, the LCOE at the utility-scale is ~5 ¢ kWh=! for
crystalline silicon (c-silicon or ¢-Si) modules in 2020.['1] A rel-
atively rough comparison of the three parameters between per-
ovskite and commercially used c-silicon PV devices is shown in
Figure 1b, where the lower module efficiency and poor stability
are two primary constraints currently.*12-1*l Assuming a daily in-
solation time of 6 h, the 10 000-hour continuous operation time
of a PSM is roughly equivalent to a lifetime of ~4.5 years in real-
world conditions.['2] The PCE of a perovskite standard module is
now reaching 18.2% at an area of 7200 cm? while the 24.7%-Si
standard module is realized at an area of 17806 cm?.[61314] Be-
sides, according to the calculation by NREL, the minimum sus-
tainable price (MSP, defined as the price that provides the min-
imum rate of return necessary in a given industry to support a
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sustainable business over a long term) with a 15%-gross mar-
gin of PSMs manufactured at a small scale is calculated to be
0.38 $ W1, higher than that of ¢-Si (0.25-0.27 $ W~1), but it is
with possible reductions to 0.21 $ W~ for a larger scale if PCE
can be improved to 22% for a single-junction PSM without incur-
ring additional costs.['%!!] Further developing an all-perovskite
two-junction tandem module with a PCE of 30% could lower the
cost to 0.18 $ W~ in the future. Detailed processing flow for
sheet-to-sheet PSMs and assumptions used for these cost calcu-
lations are presented in Figures S1,S2 and Table S1 (Supporting
Information),"™ which will be further discussed in the following
sections.

During the past few years, tremendous efforts have been de-
voted to the investigation of perovskite PVs and remarkable de-
velopment has been achieved at both cell and module levels.!'-!
Since the first demonstration of a CH;NH,PbI, Cl -based per-
ovskite minimodule with a PCE of 5.1%,""] perovskite small
modules now have achieved a certified PCE of 19.5% with a des-
ignated illumination area of 810.1 cm?.11314] The basic structures
of PSMs are similar to PSCs, which can be classified into n-i-p
(conventional) and p-i-n (inverted) structures, according to their
different stacking orders (Figure S3, Supporting Information).
Considering the significantly increased resistance loss over the
large-area transparent conducting oxide (TCO) electrodes, PSMs
are not simply equal to the proportional magnification of the
small-area devices and need to be divided into smaller sub-cells
through series or parallel connections, similar to cadmium tel-
luride (CdTe) and copper indium gallium selenide (CIGS).[*1011]
Areas that occupy the module but do not contribute to electricity
generation are defined as dead areas. To quantify the utilization,
the ratio between the photoactive area and the combined area (the
sum of active and dead area) is usually referred to as the geomet-
ric fill factor (GFF).>!1 These make the area defined in a module
more complex, including active, designated illumination, aper-
ture, and total areas (Figure S3, Supporting Information).*¢!
Here, we strongly recommend reporting the PCEs along with the
corresponding areas and GFF, giving a unified comparison with
other reported results. PCEs of some typical perovskite PV de-
vices concerning the areas are shown in Figure 1c and Table S2
(Supporting Information), where the classification is according
to the fabrication methods of perovskite films (discussed later).

Except for the PCE development, the stability issue, another
primary commercialization concern, has also experienced rapid
progress. To date, stability evaluation standards have not been
expressly set for perovskite PVs, and these tests were often per-
formed under various situations. Now, employing the existing
criteria (e.g., accelerated tests in International Electrotechnical
Commisson (IEC) 61215 and International Summit on Organic
Photovoltaic Stability (ISOS) protocols) for evaluation is being ac-
cepted by industry and academia.['*"'8] TEC 61215 is an industry-
standard for certification of silicon PV technology for commer-
cial deployment, while ISOS provides guidelines on stability test-
ing under accelerated conditions to enable comparison across
various reports.['®18] Several companies and research groups
have announced passing partial or complete accelerating ag-
ing tests like damp-heat, and temperature cycles in IEC 61215,
demonstrating the stability potential to meet the commercial
requirements.[10171920] These accelerated tests are designed to
correlate the real-world lifetime to the values obtained in the
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Figure 1. Current status of perovskite PV devices. a) Golden triangle in photovoltaic community. b) Comparison of cost, efficiency, and lifetime between

silicon modules and single-junction PSM. c) Typical PCEs from cells to modules with respect to device areas. Da: designated areas, ac: active areas. *

o8

and # denote the certified PCEs at stabilized and unstabilized measurements. d) Typical stability of perovskite solar cells under continuous illumination.
The PCEs are the best values from the reports. S denotes the references in the Supporting Information. OC denotes the open-circuit conditions while
other devices were measured at maximum power point (MPP) conditions. T, = Y h means that the PECs drop to xx% of the initial value after Y-hour

aging.
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Figure 2. Potential applications of PS. a) Solar plants. b) CIPV. c) BIPV. d) Wearable flexible electronics. e) Electricity generators in satellites or space

shuttles.

laboratory, but the experience from the silicon and thin-film PV
industry has demonstrated that these tests are insufficient to pre-
dict the lifetime under real-world conditions.['!] For example, PV
modules passing IEC standards do not always meet a lifetime ex-
ceeding 20 years.!'"1%] Thus, the long-term field test of PSMs un-
der outdoor conditions which accurately reflects the practical per-
formance evolution of PSMs, is of vital importance.l*!7] In gen-
eral, although the stability evaluation varies, we believe illumi-
nation stability is still a valuable consideration. A photostability
summary of typical perovskite PV devices is plotted in Figure 1d,
which focuses on the cell level due to the relatively limited mod-
ule stability reports. Some typical results under other types of sta-
bility tests, such as thermal cycle, damp heat, and humidity freeze
are summarized in Table S3 (Supporting Information).

Compelling progress in the perovskite PV field has attracted
massive investments, sparking a string of start-ups and new divi-
sions within established PV companies (Table 2).1131420-311 How-
ever, a big gap between the current status and commercial PV
technologies still exists, especially the gap in the device’s lifetime
even compared to other thin-film technology. For example, First
Solar, a CdTe PV manufacturer, has announced the industry’s
lowest degradation rate of 0.2%, which means more than 90%
of the original power output will be maintained at the end of the
panels’ 30-year performance warranty.*!

3. Potential Applications and Remaining
Challenges

3.1. Potential Applications
Due to additional advantages like light-weight, tunable trans-

parency and color, compatibility with flexible or curved sub-
strates, and excellent weak-light response, PSMs can set more
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potential applications as well as the mainstream scenes like so-
lar plants or building applied photovoltaics.3! For instance,
some attempts at building-integrated photovoltaics (BIPV), car-
integrated photovoltaics (CIPV), wearable or portable electron-
ics, in-door electricity chargers, etc. are significantly promising
and need further exploration (Figure 2). What’s more, the high
power-per-weight characteristic, along with the excellent stability
under harsh irradiation, may render PSMs to have the potential to
surpass those state-of-the-art I1I-V semiconductor-based PVs like
gallium arsenide (GaAs) as electricity converters in space.3%3!
Better tolerance to high-energy particles in a space environment
(such as electron and proton beams) of perovskite PV devices
has been proven than those of Si- and GaAs-based cells, mainly
due to the high defect tolerance and self-healing properties.**!
Here, taking BIPV as an example, we classify some unique char-
acteristics of perovskites in this application. According to previ-
ous reports, the BIPV market is projected to be ~€11 billion with
16 GW of power installed in 2021 and is expected to grow at an
annual growth rate of 40% in the next decade.??3*l As one of
the important parts of BIPV, solar windows require not only en-
ergy generation but also color appearance and transparency for
scenic viewing and lighting control, which is hard to realize in
mainstream c-Si-based technology. From this aspect, perovskites’
unique advantages, including feasible color tunability from the
semi-transparency and bandgap tunability, and higher efficiency,
make them promising candidates in the BIPV markets. In addi-
tion to BIPV, some other prototypes have been already demon-
strated for practical use and field tests. A panel with a total area
of 4.5 m?, integrated by nine large-area (0.5 m?) perovskite solar
panels was demonstrated in a stand-alone solar farm. It exhibited
a peak power exceeding 250 W in real-world conditions, prov-
ing the scalability of the feasibility of perovskite technology.*!
Recently, one perovskite PV system realized by Microquanta
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Table 2. Companies exploring the development and commercialization of perovskite single-junction modules.
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Company Founded Technologies Performance claims Stability claims Industrial progress claims

Microquanta 2015 Single-junction Certified 21.8%-perovskite Perovskite standard The first batch of 5000 pieces of
Semiconduc- perovskite minimodule (19.35 cm?) modules passed all the standard modules
tor modules on rigid in 2022.120] tests in IEC 61215, and (1245 mm x 635 mm,

glass. IEC 61730 in 2023.120] 115-130 W piece™) has been
delivered to customers in
2022.[20]
The world’s first commercial
perovskite terrestrial
photovoltaic power station
(1 MW) was successfully
connected to the grid in
November 2023.[20]
Wuxi Utmolight 2020 Single-junction Certified 19.5% Perovskite standard A 150-MW production line has
Technology perovskite (stabilized)-perovskite modules (0.72 m?) been put in production in 2022
modules on rigid submodule (810.1 cm?) passed all the tests in and a 1-GW production line has
glass. in 2023. Certified 18.2% IEC 61215, and IEC been put in production in
-perovskite standard 61730 in November 2023.14
module (0.72 m?) in 2023.114
2023.113.14]

Kunshan GCL 2019 Perovskite modules Certified 15.31%- Undisclosed. A 100-MW production line has
Optoelec- on rigid glass. A perovskite small module been put in trial production in
tronic slot-die (1241.16 cm?) in 2019. 2021, where the size of the
Material deposition module is 2 m x 1 m.[22]

method of Certified 18.04%-perovskite
perovskite was large module
claimed. (2mx 1m)in2023.22

WonderSolar 2016 All printable 12.5%- perovskite A PSC worked for more Demonstration of perovskite

perovskite minimodule than 9000 h at the MPP small modules with areas of
modules. (100 cm?).123.24] condition (~55 °C) 3600 cm?.123:24]
without obvious decay in
2020.071 The construction of the second
large (trial) production line of
200 MW
printable mesoscopic perovskite
solar panels began in June
2023.12%)
Toshiba 1875 Perovskite modules Certified 11.6%- perovskite Undisclosed Undisclosed
on rigid and small module on rigid
flexible substrates (802 cm?) in
substrates. A 2018 and
meniscus coating 16.6%-perovskite
method was submodules on flexible
claimed. substrates and (703
m?) in 2023.125-27]
Panasonic 1918 Perovskite modules Certified 17.9%-(stabilized) Undisclosed Undisclosed
on rigid glass. An perovskite small module
inkjet printing (804 cm?) in 2020.12328]
method was
claimed.
Saule 2014 Fully printed flexible, 17%-PSCs and A small cell kept 84% of its Undisclosed
Technologies lightweight 10%-perovskite initial efficiency after
perovskite minimodules (100 cm?). 1000 h at the MPP
modules. 30.9%-flexible perovskite condition (0.6 suns) and
small cells under 1000 lost no performance
lux in 2022.12431] after 1000 h at 85 °Cin
2022.12431]
Solaronix SA 1993 Perovskite modules 14.9%-PSCs (1cm?) and Undisclosed Undisclosed

integrated into
the building.

12% perovskite
minimodule
(100 cm?).[2429]
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Semiconductor was combined with aquaculture and successfully
connected to the power grid, representing an innovative applica-
tion in the perovskite PV fields.2!

3.2. Remaining Challenges

For commercialization, the LOCE of a nascent PV technology
should be reduced to a comparable level with the existing ones,
by demonstrating a higher PCE, longer lifetime, and lower man-
ufacturing cost. Currently, PSMs have PCEs exceeding 20% but
still with areas mostly below 100 cm?.[1%1 Small modules will in-
crease the fabrication cost and electrical loss, leading to a high
LCOE and application restriction. A trend for the module to get
larger appears in the consideration of cost reduction but some-
times increases the transport/installation difficulties and causes
safety concerns. The currently commercial thin-film CdTe mod-
ules possess typical sizes like 1.2 m X 0.6 m, which can serve as a
proper guideline for perovskites.[!13¢] Thus, the first challenge of
perovskite commercialization is to scale up the module size with-
out sacrificing their PCEs, through developing reproducible and
scalable deposition strategies for high-quality films.[*] To meet
a competitive LCOE with ¢-Si modules, a lifetime of 15 years is
suggested to be the threshold for PSMs with an initial PCE of
19% based on Meng et. al.’s calculation.’] Therefore, the sec-
ond major challenge is the long-term stability of PSMs to ensure
durable operation, especially compared to a 20-30-year lifespan
of ¢-Si and CdTe. One crucial aspect before these is to develop a
consensus on the stability test protocols, which often include ac-
celerated aging tests to roughly predict the module lifetime.1337]
In addition, cost reduction also needs increased attention. The
manufacturing cost of PSMs calculated by NREL at a small scale
is higher than that of silicon panels (~0.38 $ W~ vs 20.25 $ W~1)
but with possible reductions when increasing the production
capacity.[!11819] Finally, to make the situation worse, these best
values of PCE, stability, and cost cannot often be realized on one
specific device, simultaneously. For example, the highly efficient
perovskite devices are mostly based on a conventional structure
and employ unstable spiro-OMeTAD with hygroscopic additives,
which makes it hard to meet the stability demand. To further
improve device stability, spiro-OMeTAD would be substituted by
PTAA, but the latter contributes to a lower device PCE.[245]

4. Deposition Methods of Perovskite Modules

4.1. Perovskite Film Deposition

PSMs consist of several stacking layers, where the perovskite
layer is the most vital part. To avoid short circuits, enable suf-
ficient absorption, and facilitate charge transfer, uniform and
compact perovskite film with high crystallinity is desired. The
non-uniformity over large areas and large precursor waste render
spin-coating (commonly used for PSCs) unacceptable in indus-
trial manufacture. Scalable deposition methods include but are
not limited to blade-coating, slot-die coating, spray coating, inkjet
printing, screen printing, electrodeposition, physical vapor depo-
sition (PVD), and chemical vapor deposition (CVD) (Figure S4,
Supporting Information).[*>38-41]
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Blade coating is an efficient meniscus deposition method for
relatively small areas and is hard to transfer to industrial manu-
facturing due to its manual solution addition. One potential re-
placement is slot-die coating because it solves the issue of ink
supply by the use of an ink reservoir.**#!l The precursor ink flow
is continuously squeezed from the thin slit to the substrate to
form wet films first. To guarantee a considerable output, the de-
position process should be controlled in the so-called Landau-
Levich flow regime, where the film thickness increases with the
increased moving speed.*"] In 2021, Toshiba Corporation’s so-
claimed perovskite submodule with a PCE of 15.1% (703 cm?)
was realized through a modified meniscus coating method.[?!
Spray-coating is a low-cost solution deposition technique and in-
volves droplet generation, transport, coalescence, and thin-film
drying processes.l*?] The most crucial part of morphology con-
trol is the ink surface tension, as it affects the contact angle of
the droplets with the surface and facilitates the ink merging be-
fore the solvent evaporation. However, the re-dissolving issue that
new-arrival wet ink will dissolve the as-formed film frequently oc-
curs, where parameters like temperature, distance, and solvent
kinds should be precisely adjusted.[*?! Inkjet printing, a material-
conserving technique used for dispersed or dissolved materials,
enables rapid and large-area film formation.**] The operating
principle of inkjet is based on the ejection of fixed ink quantities
in the form of droplets from nozzles, similar to spray deposition
to some degree. The most common inkjet modes today are con-
tinuous inkjet printing and drop-on-demand printing, where the
latter generates a single drop when required and enables mate-
rial savings.l**] The Panasonic Corporation’s small module with
a high PCE of 17.9% (804 cm?) was claimed through an inkjet
method.[?8]

Several other strategies also aim to form high-quality per-
ovskite films. The screen-printing method uses a patterned mesh
screen to hold and transfer ink to the substrates.['”*] Recently, a
breakthrough was made where the stable and viscosity-adjustable
perovskite ink prepared from an ionic liquid solvent enabled
screen-printing deposition regardless of humidity. Most notably,
fully screen-printing devices with a single machine in ambient air
were further successfully explored, exhibiting high PCEs at differ-
ent sizes.[**l It has opened up new paths for the industrial fabrica-
tion of PSMs. Vapor-phase deposition, including PVD and CVD,
is also commonly utilized.[>*%] PVD refers to the deposition
where a perovskite or its precursor is directly evaporated to form
a thin film, whereas CVD refers to the process where the lead
halide is converted into perovskites by organic halide vapor. Com-
pared to solution deposition, vapor-phase deposition produces
highly uniform films but the low output and high technique ex-
pense might increase difficulties in commercialization.[*+*] The
typical PCEs of PSMs where the perovskite layers adopt differ-
ent deposition methods are plotted in Figure 1c for an intuitive
comparison.

4.2. Other Layer Deposition
Like perovskite layers, the deposition of other layers can be
typically classified into solution and vapor-phase methods.

Soluble or dispersible materials such as poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA), self-assembly monolayers
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(SAMs), and metal oxide nanoparticles (tin oxide (SnO,), tita-
nium oxide (TiO,)) can be deposited through solution methods
while other materials like insoluble organic compounds and
inorganic oxide can adopt vapor-phase depositions. To ensure
uniformity, especially for layers with thickness down to several
nanometers, vapor-phase-based methods are highly recom-
mended. For example, high-quality nickel oxide (NiO,) films
can be achieved by magnetron sputtering and uniformly thin
Cqo/bathocuproine (BCP) layers can be achieved by thermal
evaporation.[*?] In addition, some soluble materials, like SAMs
can also adopt vacuum deposition to guarantee an improved
film homogeneity.*8] The front TCO and rear metal contacts
are usually deposited in a vacuum, such as through magnetron
sputtering or CVD. Carbon pastes, a low-cost rear electrode, can
serve as a hole extractor in hole transporting layer (HTL)-free
devices due to its carrier selectivity and are commonly deposited
by solution methods like screen printing. Compared to metal
electrodes, carbon materials are stable, inert to ion migration,
and inherently water-resistant, serving as one promising alter-
native to overcome the stability issue. Although devices based
on carbon electrodes lag behind those using metal electrodes
due to the moderate hole extraction ability, energy mismatch,
and limited lateral conductivity, they possess the potential for
entirely R2R fabrication of perovskite devices.[*) In addition, the
replacement by carbon will also mitigate the use of rare contact
metals which will be further discussed in the following.!'7#!

5. Strategies to Improve PCEs of Perovskite
Modules

To improve the module PCE, the first consideration is the for-
mation of large-area layers with uniform morphology and su-
perior electronic properties, especially for perovskite films. The
second is the realization of optimal module design, including
the sub-cell width, GFF, line width, electrodes, etc., which could
bring in additional transport and optical loss when sub-cells are
connected.’*>!] Before this discussion starts, we think it essen-
tial to have a brief introduction to the substrates employed in the
perovskite cells and modules, which could have an impact on the
device’s performance.

5.1. Different Types of Substrates

The most commonly used substrates for perovskite PSMs are
rigid glasses with TCO electrodes, which deliver the highest effi-
ciency and scaling compatibility.>>=8! Other types of substrates,
including ultra-thin glass, polymers, and metallic foils also ex-
hibit potential for various applications.[”*8] Ultra-thin glass with
a typical thickness of 100 um possesses the combined merits
of flexibility and a perfect hermetic protection barrier.’”>% The
bendability enables it to be adaptable in roll-to-roll manufactur-
ing processes but the unsatisfactory mechanical properties bring
in easy breaks. Polymeric substrates like polyethylene tereph-
thalate (PET) and polyethylene naphthalate (PEN) are main-
stream for flexible devices, which deliver better bendability, and
lightweight properties compared to rigid and ultra-thin counter-
parts. However, the moderate transmission, coefficient of ther-
mal expansion (CTE) mismatch between TCO and polymers, and
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high vapor penetration cause a lagged device performance when
compared to commonly used rigid ones. Metallic foils like stain-
less steel, titanium, and copper (Cu) overcome the shortcomings
of polymers partially, delivering high conductivity, excellent me-
chanical stability, and high tolerant temperature. However, the
biggest obstacle of metal substrates for further development is
their opacity, which proposes strict demands for top electrodes
that need high transparency and conductivity simultaneously.*®!
A comparison between different substrates regarding their fea-
tures is summarized in Table S4 (Supporting Information) for
reference.

5.2. Morphology Control of Each Layer

Each layer in the module should reveal a dense and uniform mor-
phology regardless of different thicknesses. For bottom charge
transport layers (CTLs) on TCO, the thickness is usually down
to several nanometers, and in this case, solution methods face
difficulties in forming such dense morphologies, especially on
rougher substrates.[*>8] For example, the SAMs usually possess
better quality on the smooth indium tin oxide (ITO) substrates
than rough fluorine-doped tin oxide FTO. In addition, the wet-
ting properties of the substrates will affect the deposition quality
of the CTLs, thus, surface treatment like plasma and ultraviolet
(UV)-ozone will assist in solving this problem and spreading the
solution.!*! For the top CTLs on perovskite layers, this deposi-
tion issue by solution still exists as the roughness of perovskite
could be up to tens of nanometers. To enable smooth top layers
with high coverage, vacuum deposition is supposed as a superior
alternative. For example, dense BCP film with 5-8 nm could be
uniformly formed on rough perovskite by a thermal evaporation
method.[3840]

Solution methods seem to be mainstream due to the conve-
nience and considerable output in deposition with high thick-
ness. In an uncontrolled natural drying process, perovskite pre-
cursor often undergoes a low supersaturation degree and then
comes to the nucleation with fewer nuclei. Accomplished with
the preferential growth sequentially, the final morphology ex-
hibits a dendritic structure with poor coverage and a short-circuit
path.[*2] According to classical nucleation theory, nucleation is
the process where the nuclei (seeds) act as templates for crys-
tal growth, where the crystal's total free energy is defined as the
sum of surface and bulk free energy AG = 4zr’y + 4x°AG,,
where AG, = —k;T In(S)/v, where T represents the tempera-
ture, k, represents Boltzmann’s constant, S is the supersatura-
tion of the solution and v is the molar volume. (Figure 3a).5>!
The LaMer mechanism, which conceptually separates nucleation
and growth into two parts, where the nucleation rate V; and
growth rate V, highly depend on the crystal’s total free-energy
AG and the supersaturation S (Figure 3b,c).52%%¢] The crucial
point for homogenous films is to increase the nuclei numbers
and relatively slow down the growth process, which could be
realized by supersaturation control through the manageable re-
moval of host solvents and the assistance of chemical additives.
Physical procedures including the anti-solvent approach, gas
quench, vacuume-assisted drying, and hot-casting methods can
rapidly remove the host solvents and promote supersaturation to
a high degree while the chemical approaches including solvent
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Figure 3. Strategies to improve PCEs of PSMs, including crystallization control and defect management. a) Free energy diagram for nucleation. b)
LaMer diagram schematic, which divides nucleation and growth processes into three stages. c) The nucleation and growth rates as a function of the
supersaturation degree, and the corresponding grain-cluster size. d) Schematic illustration of an anti-R2R solvent bath approach process. Reproduced
under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).1%%] Copyright
2020, The Authors, published by Springer Nature. e) Schematic illustration of a gas-quench process equipped with a nitrogen knife. Reproduced with
permission.[52] Copyright 2018, Elsevier B.V. f) Schematic illustration of the vacuum-assisted drying process. Reproduced with permission.[%3] Copyright
2016, The American Association for the Advancement of Science. g) Donor number with respect to different types of solvents. Reproduced under
the terms of the Creative Commons CC BY-NC 4.0 License (https://pubs.acs.org/page/policy/authorchoice_termsofuse.html),l”2] Copyright 2017, The
Authors, published by American Chemical Society. h) Schematic illustration for the suppressed solution flow dynamics in the presence of surfactant. V,,,
denotes the surface tension gradient. The insert is a photographic image of blade-coated perovskite films without and with LP surfactant. Reproduced
with permission.[*0] Copyright 2018, The Authors, published by Springer Nature. i) Imperfections in perovskite solar devices and their corresponding
passivation strategies.
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engineering, additive approach, and compositional engineering
are often utilized to form intermediate phase to retard the crys-
tallization process.[*>8-6%]

5.2.1. Physical Approaches

The anti-solvent dripping is widely used at the cell level for mor-
phology control while the anti-solvent bath is proposed in mod-
ules for the fast removal of the host solvents (Figure 3d). Based on
this strategy, a Roll-to-roll (R2R)-processed flexible perovskite PV
device through gravure printing was realized at a pilot scale.l]
When applying this method in industrial manufacture, the large
consumption of the anti-solvent could become a concern. After
multiple extractions, the anti-solvents will be contaminated or
diluted, which demands the necessity of large storage quanti-
ties or efficient purification systems at extra costs. In addition
to the methods, gas-quench methods where a forced gas flow
is produced by a so-called gas knife to expedite solvent removal
are commonly used (Figure 3e).[°?] From an industrial perspec-
tive, this method has the greatest potential due to the ease of
scale-up and feasible integration with the existing technology.
Vacuum-assisted drying methods are also suitable for scale-up
because the requirements can be readily reached in the mature
vacuum industry (Figure 3f).[%3] One concern here is the vacuum
environment to accelerate solvent evaporation can be applied
only after the film coating completes, which proposes stricter
demands, for example, an expanded deposition window to en-
able the film homogeneity. Hot-casting methods, where the per-
ovskite precursor is deposited on a pre-heated substrate enable
ultrafast production and high throughput.[5*6:67] Pre-heated sub-
strates facilitate solvent removal and sometimes ameliorate the
wettability of the substrates, reducing the surface energy and nu-
cleation energy. Typically, as-deposited wet perovskite films re-
quire post-thermal treatments to remove solvent residue, while
hot-casting can sometimes eliminate this process, significantly
saving fabrication time in manufacturing.[*>46667] In addition,
Angmo et al. further proved that the hot-deposition method
was essentially independent of humidity level and demonstrated
improved stability and reproducibility compared to anti-solvent
methods, suitable for large-scale manufacturing in the ambient
environment.[*’]

5.2.2. Chemical Approaches

When the degree of supersaturation is too high, it leads to a
strong nucleation burst, resulting in undesirable small grains.
Additives play the role of regulating the nucleation and growth
process, especially retarding the crystallization process to a mod-
erate rate. Chloride-based compounds (e.g., MACI and PbCl,)
resulted in smoother films and certified PCEs exceeding 25%
due to the formation of a chloride-containing intermediate
phase.[3868] Systematic investigations of other additives like acid
and alkaline were also reported.l®”%! The acid or alkaline addi-
tions were found to coordinate with the precursor and adjust the
pH value of the solution, which affected the colloid states and
crystallization kinetics. A bunch of additions obeying the similar
crystallization mechanism called “Lewis acid-base adduct theory”
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have excellent morphology regulation.l”'73] Lead halides are re-
garded as strong Lewis acids with empty orbital that are ready
to form adducts with Lewis bases with lone electron pairs. The
formation of the acid-base adduct has a higher reaction energy
barrier and solubility than its monomers, slowing down the nu-
cleation and growth rates. For example, solvents like dimethyl
sulfoxide (DMSO) and N-methyl pyrrolidone (NMP) with in-
creased donor number have a good coordinating ability with
Pb?* and are commonly used to control morphology and expand
the processing windows (Figure 3g), highly promoting the film
reproducibility.l”?]

The ink surface tension affects the contact angle of the pre-
cursor with the surface, and the surfactant additives were used to
modify the adhesion of perovskite ink on hydrophobic substrates
and to alter the crystal growth process.l*?l Surfactants could de-
crease the surface energy of the substrate and reduce the hetero-
geneous nucleation energy of the perovskite, facilitating homoge-
neous nucleation and more dense films. For example, the surfac-
tant additives of ~20 ppm precursor can significantly improve the
blade-coating quality of perovskite films on hydrophobic PTAA
at a high coating speed of 180 m h™! and boost stabilized mini-
module PCEs to 15.3% and 14.6% at designated areas of 33.0 and
57.2 cm?, respectively (Figure 3h).[*"]

5.3. Defect Management of the Device

Intrinsically, low defect formation energies in perovskite crystals
make defects easily form with layer deposition. Perovskite con-
tains different types of point defects, including but not limited
to vacancy, interstitial, anti-site substitution, Frenkel defect (in-
terstitial and vacancy created from the same ion), Schottky de-
fect (anion and cation vacancies occurring together), and sub-
stitutional impurity.l”>””] Defects act as non-radiative recombi-
nation centers and serve as the channel for ion migration, lead-
ing to a large open-circuit votage (V,.) deficit and poor perfor-
mance. Various agents aiming at passivating defect-surplus re-
gions (grain boundaries and surface) have been developed, in-
cluding inorganic metallic salts, low-dimensional wide-bandgap
perovskites, organic small molecules or polymers, and ionic lig-
uids (Figure 3i).”>77] For example, some non-volatile organic
Lewis bases with lone electron pairs will effectively passivate the
uncoordinated Pb?+ defects while the Lewis acids aim at the un-
coordinated halide defects both by forming Lewis adducts.[””) In
addition, defects can be easily generated on the top or bottom of
a given layer during the interface formation with other layers’ de-
position. For example, commonly used electron transporting ma-
terials C¢, could induce additional trap states when deposited on
perovskites, leading to a reduced quasi-Fermi level splitting.!”®]
Interface modification could inhibit defect formation, rearrange
energy alignment, modify carrier selectivity, and enhance carrier
extraction.”#8) For instance, the inorganic insulator lithium flu-
oride (LiF) and magnesium fluoride (MgF,) were proven as good
interfacial modifiers between perovskite and electron transport-
ing layer (ETL), which was effective at reducing the non-radiative
recombination loss and facilitating the extraction of electrons by
the formation of a surface dipole.'"788] Here, we just provide a
brief summary, and detailed reviews about defect passivation can
be found elsewhere.[”]
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Figure 4. Module design for improved module performance. a) Schematic illustration of a series-connected perovskite module. b) The modeled impact
of the module-scribing geometry on the total CTM loss in a series connection. c) Impact of ITO sheet resistance on CTM loss and module PCE. d)
Impact of P2 width and transfer length of metal-ITO to the contact resistive loss at P2. e) Impact of dead area width (W4) on CTM loss. f) Impact
of busbar resistance on module PCE. b—f) Reproduced under the terms of the CC BY Creative Commons Attribution 4.0 International License (http:
/|creativecommons.org/licenses/by/4.0/).[°] Copyright 2022, The Authors, published by the American Physical Society. g) Five modeled cell designs:
design A: a cell without a metal grid, design B: a cell with a metal grid consisting of parallel metal busbars, design C: a cell with a metal grid composed
of parallel metal busbars and fingers, design D: the same as for design B but with busbars that taper in width, design E: the same as for design C but
with busbars that taper in width. Reproduced with permission.[33] Copyright 2018, John Wiley & Sons, Ltd.

5.4. Optimal Design of Perovskite Modules
5.4.1. Total Power Loss of Perovskite Modules

From geometric consideration, a high GFF is essentially impor-
tant to enhance the module utilization ratio.**%!] Reduction of
the dead area width is always desired but is limited by the cur-
rent scribing technology. Another way for a larger GFF is to im-
prove the sub-cell width but the resultant width increase of ac-
tive area could bring additional resistive loss. Therefore, balanc-
ing the losses caused by resistance and the dead area is essential
for maximizing module PCE and parameters including sub-cell
width, scribing width, and electrode designs need to be precisely
optimized (Figure 4a—f).°°! In a PSM, the P1, P2, and P3 scribes
are critical to forming an ideal series connection. The P1 scribe
is used to separate the TCO electrodes, the P2 scribe provides
connections between the top contact of one cell and the bottom
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contact of the next cell, and the P3 scribe divides the top contact
between adjacent cells (Figure 4a).

The total cell-to-module (CTM) power loss is composed of
four parts: geometrical loss due to the existence of dead area
(fc), active-area ohmic loss due to the TCO resistance (frco),
interconnection ohmic loss related to P2 step (fp,) and busbar
ohmicloss (fy). By taking the parameters in Table S5 (Supporting
Information) for calculation, the corresponding total loss versus
the sub-cell width is shown in Figure 4b, where a minimum loss
of 12.3% is reached at a sub-cell width of 5.5 mm.[5%

5.4.2. TCO Substrates and Novel Electrode Designs
The resistive loss of active area can be further mitigated

by the substitution of high-conductivity TCO but at a sacri-
fice of light harvest. The computed CTM losses and module
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efficiencies based on 10 and 15 Q [J~! ITO are plotted accord-
ing to the extracted parameters from practically fabricated PSCs.
As shown in Figure 4c, although the 10 Q []™" ITO-based device
delivers a minor CTM loss, the decreased small-cell PCE results
in a lower module PCE, mainly resulting from the optical loss
due to thicker ITO. In this case, 15 Q [ ]! ITO should be cho-
sen due to a more significant influence of light transmission loss
than transport loss.

The busbar resistive loss cannot be ignored when the sub-cell
currentis significant or when the conductivity of the busbar is in-
sufficient (Figure 4f). Strategies such as applying thick metal rib-
bons and adopting novel designs like series and parallel connec-
tions have been developed to minimize such loss.[*%2] Wilkin-
son et al. systematically modeled various front metal grid designs
(Figure 4g) to determine the efficiency limits of each case.®*]
For the cells with an area exceeding 200 cm?, higher PCEs were
demonstrated from the design with parallel metal grids, like de-
signs C and E, but at the expense of increased complexity. The use
of tapered bars in designs D and E provided a performance im-
provement for highly resistive cells, thus, further optimization of
metal grid thickness and dimensions reveals a possible PCE en-
hancement by the balanced resistance and parasitic absorption.

5.4.3. Line Scribing and Safety Areas

As mentioned above, larger GFF demands a negligible dead area
that the P1, P2, and P3 lines, and the gaps between the lines
(safety areas), have to be as narrow as possible. P1 and P3 lines are
used to separate the electrodes of adjacent cells electrically and
a width of 15 pum for both was considered sufficient to provide
insulation.l’®82] The P2 scribe plays the role of connecting the
adjacent sub-cells and needs to be sufficiently optimized for the
minimum resistive loss. The contact resistance at P2 is related to
the line width and contact resistivity between the electrode and
TCO, where a larger width and smaller resistivity are essentially
desired. To minimize the resistivity, TCO damage, residues left
by incomplete removal, or the redeposition of debris should be
avoided. The minimum P2 width is tightly related to the resistiv-
ity and is reflected in the parameter called transfer length (L),
which refers to the length that the charges travel in the TCO
before they are transferred to the contact. When the P2 width
reaches a comparable value with L}, the contact resistance can
be ignored (Figure 4d). Besides, to avoid the possible overlap-
ping between sub-cells, it is essential to introduce a safety area
between P1-P2 and P2-P3. These areas are supposed to be nar-
row enough to achieve high GFF but also protect adjacent sub-
cells from being shorted. Previous literature has set the safety
areas of P1-P2 and P2-P3 to 50 pm each without compromising
the module performancel®28] Dai et al. believe a total dead area
without safety areas is achievable, which can dramatically reduce
the total CTM loss to only 4.7% (Figure 4¢).>]

6. Some Considerations in Industrial Production

In industrial production, several technical considerations must
be taken into account. The first is the production output which is
reflected in tact time. Assuming a 100-MW production line with
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amodule size of 1.2 X 0.6 m, the tact time is calculated to be 30 s
per piece when setting the total-area PCE at 18% (20 h day~! and
330 days year™!). Admittedly, increasing the amount of produc-
tion line will reduce the tact time but at the expense of higher
investment costs.

The deposition of perovskite films is a time-consuming proce-
dure by both solution and vacuum approaches. The use of volatile
solvents can enable a rapid drying of deposited perovskite film
and therefore a high processing speed in solution approaches,
but volatile solvents such as acetonitrile usually perform better
in methylammonium (MA)-rich systems, which are not promis-
ing candidates toward commercialization.[>#>°1] Another time-
consuming procedure is the annealing process for both per-
ovskite and CTLs, which usually takes several minutes. Irradi-
ation like near-IR radiation or pulsed light has been proven ef-
ficient in the annealing-time reduction.®2] In addition, a spray
rapid spray plasma processing (RSPP) was proposed to overcome
this time limitation by crystallizing the perovskite film through
thermal and plasma energy. This RSPP method not only omits
the post-annealing process but also reduces the deposition time
as it does not require any start-up time before producing uni-
form coatings, demonstrating a processing speed of 12 m min™!
but a slightly lower PCE of 18% at the cell level.[*] Recently, a
co-deposition method that forms HTLs and perovskite films to-
gether simplifies the manufacturing processes and lowers the
barriers to commercialization.[*]

The reproducibility in the industry is crucial because it is the
guarantee of the qualification and the yield rate. It sets require-
ments for raw materials, precursor composition, processing, etc.
For example, the precursor is supposed to be stable for a pe-
riod of storage time or at least unchanged during the deposi-
tion periods before its exhaustion, and the processing window
for fabrication should be expanded to achieve a homogeneous
film. Usually, PSCs fabricated using fresh precursor solutions ex-
hibit good PCEs, but after storage for a few days, the precursors
no longer produce high-efficiency devices due to the oxidation of
I~ ions to 1,.11] A low-cost reductant, benzylhydrazine hydrochlo-
ride (BHC) can reduce I, to I and thus, restore degraded pre-
cursor solutions and improve fabrication reproducibility.l®!] Be-
sides, due to the limited solubility of lead halide, the commonly
used solvent mixture for efficient PSMs is 2-methoxy ethanol
(2-Me) and DMSO, which easily lead to precipitation after sev-
eral hours or even tens of minutes. Solvent engineering or addi-
tive engineering will be conducive to the precursor stability en-
hancement and the processing window expansion./+>#404161] Fi.
nally, some characterization techniques like photoemission spec-
troscopy need to perform real-time monitoring during fabrica-
tion for the minimization of the sequential loss.[*>°] More inves-
tigations are supposed to be devoted to guaranteeing the smooth
manufacturing of PSMs.

7. The Stability Issues and Corresponding
Solutions

7.1. The Stability Evaluation Protocols
As noted above, the standard IEC 61215is set for the evaluation

of the degradation of silicon panels which contains several ac-
celerated tests performed at damp-heat, UV, and thermal-cycle
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conditions.['”] Some regulations in the IEC standard are not ap-
plicable to perovskites due to their peculiarities. The ISOS pro-
tocols, providing standardized aging experiments to evaluate the
stability of organic photovoltaics (OPVs) first, were recently ex-
tended to set specific stability rules for perovskite PVs.'¥! Un-
like IEC qualification standards, a perovskite PV device cannot
pass or fail ISOS standards because these protocols are only
intended to provide an aging framework for more comparable
results.[189697] Accelerated aging tests from these protocols ex-
pedite the degradation but do not provide direct information on
solar cells’ expected lifetime under actual operational conditions.
In other words, the complete pass of IEC 61215 does not guaran-
tee a 20-year lifetime of perovskite PV devices.!'"1] The concept
of acceleration factor (AF) has been proposed to correlate the real-
world lifetime to that obtained under accelerated stress.['#98] AF
of PSCs for each stress could be derived from a physical model
and has yet to be unified to date. At this moment, we encourage
researchers in the PV community to adopt the above two stability
protocols before a more suitable protocol comes to reach a con-
sensus.

7.2. Instability from the Individual Layers (perovskite, CTLs,
electrode) and the Interfaces

A summary of instability issues appearing from the layers and
interface is illustrated in Figure 5 as a comprehensive reference.
The instability of the perovskite mainly originates from its soft-
lattice nature, undesired phase transition, and defect-mediated
ionic migration, where the last can be triggered or intensified by
external humidity, heat, illumination, electrical field, and inter-
nal lattice strain (Figure 5a). The ionic nature and hygroscopic
character of ammonium salt render perovskites easy to dam-
age when exposed to humidity, weakening the interaction be-
tween the cation and the Pbl, and allowing for faster deproto-
nation of organic cations.[*>1%] Thermal instability mainly origi-
nates from relatively weak bonding between the organic compo-
nents and Pbl, because formamidinium (FA*) with an enhanced
number of hydrogen bonds is found to be more stable than
MA* under thermal stress.[*>190192] In addition, the residual lat-
tice strain usually due to the CTE mismatch between perovskite
and substrates could result in accelerated degradation because
it lowers defect formation energy and activation energy for ion
migration.'%! §-phase formamidinium lead iodide (FAPDI;) per-
ovskite has lower free energy than the a-phase at room tempera-
ture, thus the metastable a-FAPbI; with higher free energy tends
to transform into the §-FAPbI; with photo-inactive properties
spontaneously (Figure 5b).[1%! Under illumination, excess photo-
carriers provide the potential for chemical reactions such as free
radical formation and iodide ion oxidization, which results in the
coupled formation of neutral iodine interstitials and iodide vacan-
cies, further leading to metallic lead formation and irreversible
decomposition. The detrimental ion migration will lead to sev-
eral anomalous phenomena such as light-induced halide segre-
gation (Hoke effect) and cation segregation, that could cause irre-
versible performance decay (Figure 5a).[9190192] In short, degra-
dation pathways are related to the nature of perovskites but de-
fects would significantly accelerate these processes because they
could be the starting point of the degradation.
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Some CTLs are intrinsically unstable or cause reactions at the
interface. For instance, inorganic n-type semiconductor zinc ox-
ide (ZnO) was reported to react with perovskites during ther-
mal annealing andTiO, could lead to UV-light instability at
the TiO,/perovskite interface.”*1%] The most efficient HTM
Spiro-OMeTAD also faces severe stability issues arising from its
low glass transition temperature and doping.*®*1% The above-
mentioned ion migration (especially for halide) not only hap-
pens in perovskite but also easily transports through the inter-
face, and finally reaches the metal electrode, leading to the halide
deficit and electrode corrosion (Figure 5a).°%1% Conversely, even
the most stable metals, like platinum, can diffuse and react with
halide species in the perovskites under heat or illumination.*!
Besides, metal contacts could also form a redox coupled with Pb?*
in perovskite films. Non-passive metals, like alumina (Al), can
rapidly reduce Pb?* to Pb° and decompose perovskites.[9105:106]

The key point to solve this kind of instability is to isolate or re-
lieve the external stress, enhance the internal bonding, and miti-
gate the ion migration. First of all, encapsulation is a feasible way
to prevent the oxygen and humidity of the device (Figure 6a).'%]
Ethylene-vinyl acetate (EVA), typically used in ¢-Si modules, is
not applicable here due to its high water vapor transmission rate
(WVTR) of exceeding 20 g m~ d~! and high processing tempera-
ture (>140 °C).[1%] Polyolefin (POE) with a lower laminating tem-
perature of 120 °C along with butyl rubber, a kind of synthetic
rubber with good air and water tightness, is widely used in the
PSM encapsulation considering their multiple advantages like
low WVTR and high insulation.[1911%] Second, to reduce the neg-
ative effects arising from the thermal, a combination with a cool-
ing system like radiative cooling, heat pipe, and interfacial evapo-
ration can be considered in a cost-effective way (Figure 6b).[111:112]
Finally, multiple approaches for inhibiting phase transition and
mitigating the ion migration either in the film or across the inter-
face have been developed, including compositional engineering,
bulk/surface defect passivation, crystallinity, orientation control,
morphological improvements, interface modification, diffusion
barrier construction, etc.[*102103.113-116] The overall guide can be
explained by decreasing the free energy of desired products and
increasing the energy barrier of undesired reactions (Figure 5b).
For example, the a-FAPbI; could be stabilized at room tempera-
ture by surface-free-energy tunability, such as the incorporation
of bulker cations expelling at the grain boundaries and surface
or the volume reduction to nano size.®®11%! In addition to the re-
moval of the migration channel like defect passivation, the ion
migration can be also mitigated by increasing the energy barrier
for mobile ions through the steric and electrostatic interactions,
such as A-site cation doping (e.g., potassium ions, (K*)). These
discussions are covered in previous comprehensive reviews and
will not be elaborated thoroughly here.['1¢]

7.3. Accelerated Degradation at the Interconnection

Some other instability issues specific to modules like damages
from reverse bias, accelerated degradation at interconnection,
potential induced degradation (PID), and so on, should also
raise the researchers’ attention in the perovskite community
(Figure 5c—g), parts of which have been investigated for c-Si tech-
nologies already.3496:117-120]
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Figure 5. Instability issues of perovskite solar devices at the cell and module levels. a) Illustration of instability issues at the cell level. b) lllustration of
free energy relationship between stable and meta-stable phase at room temperature. c—f). lllustration of instability issues at the module level. c) Fast
decomposition at the interconnection. d) Partial shading of the module causes reverse bias, shunting failure, and hot spot formation in the shaded sub-
cells. Reproduced with permission.[] Copyright 2018, Macmillan Publishers Limited. Reproduced with permission.[4’] Copyright 2020, Royal Society of
Chemistry. ) The measured cohesion energy and degradation rate as a function of solar cell active material, showing a correlation between mechanical
integrity and long-term reliability. Reproduced with permission.['?2] Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. f) Influence
of LiTFSI concentration on fracture energy and pathway of PTAA deposited on glass beams with/without 3-azidopropyltrimethoxysilane (AzPTMS)
adhesion promotion. Reproduced with permission.['23] Copyright 2017, Royal Society of Chemistry. g) An encapsulated n-i-p perovskite solar cell was
used in the PID experiment. The high voltage was applied between the short-circuited solar cell and the Al foil attached to the substrate. Reproduced
with permission.[26] Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

First, the P3 scribing leaves an opening in the module, which
makes it easy for moisture and oxygen to penetrate for reaction
(Figure 5¢).[*1201 Second, the P2 scribing leads to the direct con-
tact of metal with perovskites, where halide species easily diffuse
into or directly react with the metal electrode.[®) Third, the P2
scribing also leads to the direct contact of metal with the bot-
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tom TCO electrode, where reactions like the oxidation of metal
(e.g., Al on ITO) will happen, increasing resistive losses at the
interconnection.l*] Fourth, the non-optimized laser settings can
lead to the partial decomposition of perovskites during the scrib-
ing process, with the formation of a small amount of lead iodide
(PbL,) at the edges and accelerated decomposition. Finally, the
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the hole extraction layer). Reproduced with permission.!®] Copyright 2019, Elsevier Inc. d) A PSC employing a transparent TCO electrode. Reproduced
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Copyright 2022, Elsevier Inc. g) The top and side view of the scaffold PSCs and a single perovskite microcell. Reproduced with permission.l'24l Copyright
2017, Royal Society of Chemistry. h) The measured average G. and PCE values as a function of cation composition, show a trade-off between reliability
and efficiency. Reproduced with permission.['?2] Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. i) Schematic illustration of several
possible leakage current paths in PID condition. j) Summarized strategies used for the stability improvement of PSMs.
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incomplete removal of the CTLs at the interconnection will bring
in increased resistance between the adjacent electrodes. %%l

To protect the module from moisture and oxygen penetration
at P3, one effective way is to adopt an encapsulation described in
Figure 6a.1”) However, the encapsulation strategies at the mod-
ule level are somehow different from that at the cell level, be-
cause all stackings are in contact with encapsulation material at
the P3 area. Therefore often, the encapsulation strategy devel-
oped for individual cells should be re-optimized and more inert
for the modules. To prevent ion diffusion and possible reaction
between metals and perovskite, a diffusion barrier layer between
the electrode and CTLs and the replacement of metal electrodes
with other inert materials like carbon pastes or TCO electrodes
are valid approaches (Figure 6¢,d).'"3114] Another promising ap-
proach to avoiding the contact of perovskite and the metal elec-
trode is based on an innovative module structure originally used
for OPVs (Figure 6e).'"®! In this structure, only the perovskite
layer is patterned and the carrier recombination occurs at the in-
terface between HTL and ETL. This approach not only prevents
the direct contact of perovskite with a metal electrode but also
simplifies the manufacturing process. Finally, the non-ideal ab-
lation and incomplete CTL removal can be optimized by tuning
the laser parameters, like time duration, wavelength, and inci-
dent direction, as mentioned above, improving PSMs’ efficiency
and stability.[36:57]

7.4. Damages from Reverse Bias

The performance of the module is imposed by the individual sub-
cell showing the lowest electrical performance. Typically, when
one or more sub-cells are shaded in a series connection, the
shaded cells do not generate current but are subject to a high re-
verse bias, which could lead to inverted-bias junction damage and
the formation of a local hot spot (Figure 5d).[**7118] These degra-
dations are strongly related to spatial inhomogeneity and electric
field-induced ion migration. The investigation and improvement
of the device stability under reverse bias are crucially necessary
for real-world applications.

One potential solution to solve the reverse bias degradation
in PSMs is using bypass diodes, whose validity has been al-
ready proven in c-Si (Figure S5, Supporting Information). The
typical reverse bias breakdown voltage for PSCs ranges be-
tween —1 and -4 V, vastly lower than that of ¢-Si counterparts
(=15 V).8%199] The maximum number of solar cells per bypass
diode that can be used while maintaining the diodes working
is Npow = (Vo = i)/ Ve + 1, where V,, is the reverse break-
down voltage, V,_ is the open-circuit voltage and V,, is bypass
diode turn-on voltage and typically 0.6 V for a Schottky diode.[*”]
Thus, the low reverse breakdown voltage requires bypass diodes
five to ten times as much as silicon to ensure the same level of
protection. Recently, another solution from module design has
been proposed to solve the irreversible damage from partial shad-
ing, where the series/parallel connection of cells is utilized in a
module (Figure 6f).1118] This strategy is simple and only requires
one additional laser step, converting what was originally a sin-
gle string of serially connected cells into a parallel connection of
many strings. In this case, the partially shaded cell string would
operate at, or near, an open circuit because the unshaded strings
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provide the parallel electrical connection, minimizing the chance
of reverse-bias heating.

7.5. Instability from Mechanical Stress

In commercial c-Si modules, delamination often occurs between
the encapsulating polymer and cells. It causes an increase in
light reflection and moisture penetration inside.'®] Mechani-
cal stresses like hail or wind, loading, temperature recycling,
and the residual strain, for example, from CTE mismatch (CTE:
~45 X 107% K1 of perovskite versus ~10 x 107° K=! of glass),
can magnify the influence of brittle nature and weak layer
bonding, causing delamination or fracture in stacking layers of
PSMs.[?120] This decline not only leads to a loss of ohmic con-
tact but also creates an accelerated pathway for the diffusion of
volatile compounds. The “critical” adhesion or cohesion energy
G, (] m™), defined as the energy needed to cause delamination
between layers or failure in a layer, is used to measure mechani-
cal integrity.2123] In PSMs, when layers are weakly bonded with
poor adhesion, the delamination will first occur before the cohe-
sion fracture happens (Figure 5e,f). With improved adhesion, the
fracture starts from the weakest layers first, usually, the CTLs in
a completed device. The typical cohesion fracture energy of per-
ovskite, [6,6]-phenyl-C,,-butyric acid methyl ester (PCBM), and
PTAA is 0.5, 0.1, and 0.17 ] m~2.19122124 Although the G, of
perovskite is the highest among all the stacks, it is still signifi-
cantly lower than OPVs (~5-15 ] m~2), CIGS (10 ] m~2), and
¢-Si (%10-200 ] m~2) (Figure 5e).

The brittle nature and weak layer bonding can cause delamina-
tion or fracture, especially for devices with residual strain and un-
der external stresses.[*] To improve mechanical stability, the first
strategy is to minimize the CTE mismatch and release the lattice
tension, for example, using substrates with CTE similar to that
of the perovskites. Another strategy is to improve the adhesion
or cohesion energy G, including tuning perovskite composition,
controlling the morphology and roughness, employing a meso-
porous or reinforced scaffold structure (Figure 6g), and selecting
suitable CTLs along with encapsulation materials. For example,
the G. of perovskites was found to be increased with the enlarged
grain size (from <500 nm to >10 pm) and the incorporation of
bulker cations like butylammonium (BA*) (Figure 6h).1?2]

7.6. PID

In a solar plant, individual modules are often connected in se-
ries to increase the voltage of the system, reaching a potential
difference of several hundred volts.®***12°] The metallic struc-
tures of modules are commonly grounded for protection against
electrical shocks. Due to this high electrical voltage between mod-
ules and the ground, current leakage is possibly formed between
PV modules and the grounded framework when the insulation
is not perfect, which results in a decrease in shunt resistance.
In n-type c-silicon modules, the negative charges were found
trapped within the anti-reflection layers (silicon oxide/silicon ni-
tride (SiO,/SiN,)) due to their high resistivity.**! The accumu-
lated charges increase surface recombination and reduce the PV
parameters. One main cause of PID results from the migration
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of alkaline metal ions, such as sodium ions (Na*) in substrates,
through the encapsulation materials and toward the solar cell un-
der the high electric field (Figures 5g, 6i).[%>120125:126] Ip addition,
when moisture penetrates the module, a combination of Na* re-
duction and moisture ingress will result in non-reversible elec-
trochemical corrosion of the TCO.[95:120125:126] \When switching to
perovskites, the PID can also adversely affect the stability mainly
due to the increased ionic migration and defect formation, re-
sulting in severe current leakage and improved recombination.
According to the standard IEC 62804-1, the PID experiment was
conducted using the foil method with a high voltage of 1000 V
for 18 h, whereas the perovskite device was stored in an environ-
mental chamber at 60 °C and less than 60% relative humidity
(Figure 5g). Previous reports showed that PSCs were extremely
susceptible to PID tests, showing a performance degradation of
up to 95%.[125:126]

In ¢-Si modules, the PID can be mitigated by the modifica-
tion of anti-reflection (AR) coating, insertion of an interlayer be-
tween the Si and the AR coating, and the adoption of micro-
inverters for an opposite potential, some of which can be trans-
ferred to PSMs.[*] Because PID in PSMs not only results from
the ion migration in the glass substrates but also in perovskites,
suppressing ion migration, especially in perovskite becomes sig-
nificantly crucial. Choosing suitable perovskite composition and
CTLs, employing suitable encapsulation materials or/and glass
sheets with high bulk resistivity, and adopting micro-inverters to
tune potential will be a future research direction (Figure 6i). For
example, PSCs using a PCBM layer (although thermally unsta-
ble) as ETL have demonstrated good stability under high electri-
cal fields, only showing a 4% degradation after an 18 h standard
PID test.['25126] The encapsulation material with high bulk resis-
tivity and low WVTR, like POE is supposed to effectively hold
out against PID, aiming at either reducing the current leakage
or preventing the moisture from penetrating for reactions. For
commercialization, more investigation on the full recoverabil-
ity after PID damage, and deteriorated mechanisms and kinet-
ics of PID in perovskite devices should be applied.'*! A com-
prehensive summary of corresponding solutions to instability is-
sues at the module level, either externally or internally is plotted
in Figure 6j, providing a straightforward understanding for read-
ers. Commonly, a combination of several strategies described in
Figure 6j is selected, which opens up the effective path toward
stability enhancement. For example, a holistic interface stabiliza-
tion strategy by modifying all the layers and interfaces, including
the perovskite layer, charge transporting layers, and device encap-
sulation was employed to improve the efficiency and stability of
PSMs.[106]

8. Cost Analysis and Life Cycle Assessment (LCA)

8.1. Cost Analysis

At this stage, it is difficult to precisely evaluate the actual man-
ufacturing cost of PSMs because it is tightly related to multi-
ple uncertain aspects: configuration selection, raw materials, fab-
rication processing, factory location, labor wages, etc. Even for
an approximate evaluation, several assumptions, which might
be partially overthrown in the future, are needed. Here, we
review some cost analysis of different PSM types and dis-
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cuss how the manufacturing cost can be affected by the above
considerations.[*12-130] In addition, cost models rely on a lot of
assumptions and can show a range of LCOEs. Readers should
critically evaluate these techno-economic assessments.

In an early analysis, Cai et al. proposed the cost calculations
of two types of perovskite modules: module A with a structure of
FTO/(TiO,/Zr0O, [carbon)/perovskite (ZrO, refers to zirconium
oxide) and Module B with a structure of ITO /(poly(3,4-
ethylenedioxythiophene)):(poly(4-styrenesulfonate))(PEDOT:
PSS)/perovskite/PCBM/calcium (Ca)/Al. The cost is divided
into three aspects: the capital cost, the material cost, and the
overhead cost, where the capital costs for the two structures
were estimated according to the production of D and silicon
PVs with comparable capacity. According to their calculation,
the estimated manufacturing cost of model A and model B was
~$30/m? and $41/m?, respectively.'?”] Unlike the assumptions
proposed by Cai et al., Chang et al. only considered structures
and associated process sequences successfully demonstrated
to produce functional laboratory-scale modules.['?®] A process
sequence that combines two demonstrated perovskite module
sequences is estimated to be $107/m?, comparable with com-
mercial CdTe technologies.['!! The result might underestimate
the economic potential due to the choice of impractical produc-
tion sequences, the use of costly materials, and slow-throughput
deposition techniques (e.g., thermal evaporation). Different
from the above two cases employing n-i-p structures, Song et al.
selected a more manufacturable p-i-n module configuration with
low-cost inorganic transporting materials that allow the process
flow of an actual thin-film PV plant to be followed.['*’! Based on
the bottom—up cost model, they calculated the direct manufac-
turing cost of $31.7/m?, where material cost accounts for 76% of
the total (Figure 7a,b). Actually, in the material constitute, 93.5%
of material costs belong to the so-called balance of module com-
ponents, including glass substrates, interconnection busbars,
sealant, lamination film, edge-sealing frame, junction boxes,
and wiring (Figure 7c).

Although achieving tremendous progress toward commercial-
ization, PSMs have yet to harmonize the manufacturing process.
Thus, a variety of device structures, alternative materials, and de-
position methods could be considered for module fabrication. A
sensitivity analysis explains how these various values affect the
outcome under certain conditions. Song et al. analyzed the im-
pact on the MSP when choosing different materials and corre-
sponding fabrication processes. As shown in Figure S6 (Support-
ing Information), the replacement of electrode Al (used in refer-
ence) by Au, Ag, and graphite paste contributes to changes of
MSP of +100.1, +2.3, and —0.6 ¢ W™, respectively. The use of
scarce organic charge transport materials, poly(3-hexythiophene-
2,5-diyl) (P3HT), PCBM, and spiro-OMeTAD instead of low-cost
inorganic counterparts NiO and ZnO leads to cost increases of
1.2, 28.4, and 18.0 ¢ W~!, respectively. Utilizing different deposi-
tion methods for perovskite films also varies the cost but with a
small increase. For instance, the employment of a two-step solu-
tion, thermal vapor deposition, and two-step hybrid methods for
perovskite layer fabrication merely leads to less than +0.5 ¢ W~!
compared to the single-step solution.!!?’]

The LCOE is defined as the ratio of the total lifecycle cost
of a PV system to the total energy generated during its life-
time. The total cost is the sum of the annual cost of the
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Figure 7. Cost analysis of typical perovskite modules. a) Step-by-step direct manufacturing costs of the reference monolithic PSMs. b) Direct manu-
facturing cost distribution. ¢) Materials cost breakdown of the reference module with a total manufacturing cost of $31.7/m?. a—c) Reproduced with
permission.['?] Copyright 2017, Royal Society of Chemistry. d) The comparison of LCOE. e) LCOE variation as functions of the module lifetime. f)
LCOE variation as a function of the module efficiency. In Figure d—f, module A is composed of traditional silicon cells, module B is composed of planar
perovskite cells, module C is composed of silicon/perovskite tandem cells and module D is composed of perovskite/perovskite tandem cells. d—f) Re-
produced with permission.[’3 Copyright 2018, Elsevier Inc. g) Flexible PV modules directly adhered to metal roofs, reproduced with permission.[132]
Copyright 2015, IEEE. h) A detailed breakdown of the assumed cost reduction for the flexible scenario for the 2021 and 2030 scenarios for a 19.9% and
24% efficient module, respectively. Reproduced with permission.[>’] Copyright 2023, Elsevier Inc.
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system (C,), which can be expressed by C, = I, + O, + F,, where
I, is the initial installation cost in year t (I, = 0 when t > 0), in-
cluding modules (typically based on the MSP model), inverters,
other balance of system (BOS) equipment (e.g., racking, wiring,
and tracking), and so on. O, is the system operating cost, and
F, is the financing cost.!®] The LCOE of perovskite PVs was
estimated to be 5.82 ¢ kWh~! in Wichita, Kansas, with an as-
sumed combination of a 16%-PCE and a 30-year system life-
time. Tandem structures demonstrate higher PCE without much-
increased manufacturing cost. Li et al. performed a detailed cost
analysis on two perovskite-based tandem modules (perovskite/c-
Si and perovskite/perovskite tandems) compared with standard
¢-Si and single-junction PSMs. They found that perovskite PVs
are competitive in the LCOE if the module lifetime is compa-
rable with that of ¢-Si solar cells. The LCOE calculated for the
two tandem modules were 5.22 and 4.22 ¢ kWh™!, lower than
the single-junction ¢-Si (5.50 ¢ kWh™') and perovskite devices
(4.34 ¢ kWh™!), revealing that tandem configurations have great
potential for LCOE reduction in the future (Figure 7d)."*") Life-
time and PCEs are two primary factors that tightly reduce the
LCOE value (Figure 7e,f). For example, with an increased life-
time from 10 to 20 years for a single-junction PSM, the LCOE
decreases from 7.52 to 4.34 ¢ kWh=! (Figure 7e).

When considering lightweight flexible PSMs to replace rigid
counterparts, potential space for cost reduction still exists. Flexi-
ble PSMs are often claimed to have reduced manufacturing costs
mainly originating from decreased substrate and labor costs. We
compared the material cost of glass/ITO and PET/ITO at an
enlarged scale that these substrate costs remain similar at this
stage.[11121130] When considering the whole module manufac-
turing costs, flexible PSMs also exhibit a similar range to their
rigid counterparts, and in some cases, the cost of flexible could
be a little higher (e.g., 33.53 $ m~2 for flexible device materials vs
31.7 $ m~2 for rigid modules).[19%12]

Although the manufacturing cost reduction of flexible mod-
ules is not obvious, the BOS cost taken for LCOE could be
competitively reduced. For the LCOE calculation, the initial
installation cost I, consists of modules, inverters, other BOS
equipment, installation labor, project overhead costs, land fees,
transportation, taxes, etc.’7*%131-133] Light and flexible modules
have reduced weight that allows for alternative mounting meth-
ods that, for instance, do not require additional racking used
for heavy modules but can be placed conformally to the roof
(Figure 7g).!"31-133] This will contribute to a significant reduction
in installation labor and racking costs. Metacarpa et al. reported
up to a 47% cost reduction in hardware installation labor through
the change from rigid to flexible PV modules.[***] In addition,
rigid modules with glass substrates usually have a thickness ex-
ceeding 30 mm while flexible devices are significantly thinner, for
example, flexible perovskite devices are less than 5 mm thick.l”]
This brings in tighter packing density for flexible devices which
permits a reduced transportation cost and storage cost, which is
usually related to the land fees. According to the above analysis,
Holzhey et al. summarized the upper bound of cost advantage for
the BOS in Figure 7h. With the assumptions of the 2021 and 2030
scenarios, where LCOE is 11.9 and 5 ¢ KWh™!, respectively, there
is a significant cost advantage for the flexible substrate compared
to the rigid counterparts.>’] To put it another way, for the 2021
scenario, a rigid perovskite module with 17% efficiency would
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need at least 24 years to become competitive with residential-
installed silicon, while a light, flexible module with the same effi-
ciency would only need to last 19 years due to the reduced cost.l’!

Detailed cost and LCOE summaries between different types
of PV modules (such as CdTe, and CIGS) and PSMs with
different configurations are shown in Tables S6,S7 (Sup-
porting Information), providing an intuitive comparison for
readers.

8.2. Toxicity Issues and Other Environmental Impacts

The use of toxic materials, especially lead, will require com-
pliance with existing regulatory frameworks as has been dis-
cussed in the European Union’s Restriction of Hazardous Sub-
stances (RoHS) Directive and Resource Conservation and Recov-
ery Act (RCRA).13*131 The RoHS Directive is the main regula-
tion that prevents the distribution of potentially hazardous com-
mercial electrical and electronic equipment (EEE) and has as-
sisted in reducing 94% of the lead content of various electron-
ics in Europe.!'¥] It sets the restriction for EEE where the max-
imum concentration of lead in homogeneous materials is 0.1%
on a per-weight basis. According to the previous reports, PSCs
with a typical thickness of 400 nm-perovskite (e.g., MAPbI; or
FAPbI,) would contain ~0.4 g lead per square meter, correspond-
ing roughly to the amount of 1-cm-thick natural soil of equiv-
alent area that contains (Figure 8a).[1*>1%7] When converted to
mass fraction, the lead concentration was estimated to a value
of 344 + 4 mg k! g for PSCs fabricated on rigid glass substrates,
lower than 0.1%, the safety limit imposed by the RoHS Directive
(Figure 8b).13] However, the RoHS Directive is not applicable
in America, where the RCRA is established for hazardous waste
management. RCRA aims to regulate the disposal of products
and assesses hazardous waste based on leaching potential which
is determined by the Toxicity Characteristic Leaching Procedure
(TCLP). The leached lead concentrations are estimated by Moody
etal. to be 14.2 +£ 0.2 and 713 + 5 mg L' on glass and PET sub-
strates, respectively, both exceeding the 5 mg L' limit in regu-
lations in RCRA (Figure 8c).['*”] Thus, these substances require
specific hazardous waste disposal rather than direct landfilling,
which could add additional costs significantly. From the analysis
above, lead-containing PSCs on rigid glass substrates have shown
lower lead concentration below the limit in the RoHS Directive
(even less than one-fiftieth of solders used in the silicon PV indus-
try) and slightly higher concentration than the limitin RCRA, and
can be even used as portable applications and merely requires ad-
ditional waste-disposal costs that could be mitigated by recycling
the modules.!'31%7] From these aspects, some views are tempted
to conclude that the amount of lead in perovskite modules is too
low to create risk for human beings and the environment. How-
ever, different from the metallic form, the low amount of lead in
perovskites is more toxic, even than its decomposition products
like Pbl,. Bae et al. systematically investigated the toxicity poten-
tial of Pb-containing compounds that could be released acciden-
tally from perovskite PV devices.['**] They conducted ecotoxicity
bioassay and cytotoxicity bioassay battery toxicity tests to investi-
gate the harmful effects of PSCs on the environment and human
health based on four different species and human lung epithe-
lia and hepatoma cells. They concluded the order of ecotoxicity
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Figure 8. Toxicity of lead and used solvents. a) Amount of lead contained in a PSM and natural soil. Reproduced with permission.!'3*! Copyright 2016,
Macmillan Publishers Limited. b). Total lead concentration of perovskite thin films on glass and PET substrates. ¢) TCLP leached lead concentration
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and cytotoxicity was to be Pb** > MAPDI; > PbI, = lead oxide
(PbO), where the Pbl, and PbO represent the main lead-based
degradation compounds of perovskites resulting from water and
fire exposure.['*] Lead content could result in increased mor-
tality and growth inhibition of species and pronounced deaths
of human cells (Figure 8d), highlighting the non-negligible haz-
ardous potentialities of the PSCs and their degradation products.
In addition, the biological impact of lead from perovskites has
also been investigated by J. Li et al.[}*®] They went into the abil-
ity of plants to uptake heavy metals from the ground, that is, the
bioavailability of lead, in the existence of perovskite-containing
medium and found that lead uptake by mint plants from the
perovskite-contaminated soil was much higher than from natu-
ral soil or Pbl,-contaminated-only soil (Figure 8e,f), which was
attributed to the pH change assisted by organic cations in per-
ovskite. Therefore, lead from halide perovskite is more danger-
ous than other sources of lead, which is in agreement with the
evidence obtained by Bea et al.l3¢) Thus, although the amount
of lead-based perovskite is low, the harmful impact on animal
and human health, as well as on plant growth and the entire
ecosystem is non-negligible, which becomes an important ob-
stacle for commercialization. To remove this roadblock, multi-
ple strategies such as preventing the leakage or reducing the lead
amount are proposed. One effective way to prevent leakage is to
utilize lead adsorbers which could capture lead even when the
devices are broken. For example, an encapsulation method based
on an epoxy resin reduces the Pb leakage rate by a factor of 375
compared with the method based on a glass cover and a resin at
the edges.['*] Additionally, recycling lead-based devices are con-
sidered an environmentally friendly way to not only reduce the
lead risk but also reuse the components of frameworks when it
comes to large-scale implementation, which will be discussed in
the following section.

In addition to lead in perovskite PVs, the toxic solvents used
in perovskite manufacturing also raise community concerns. As-
sumed by Vidal et al., the amount of solvent required for a blade-
coated perovskite film is estimated to be 0.5 mL m~!, indicat-
ing that 3500 liters of solvents are needed for 1 GW of solar
power (an efficiency of 15% is assumed).'*”) Organic solvents
used in perovskite fabrication, like dimethylformamide (DMF),
are always detrimental not only directly to human health but
also to the environment, which irreversibly proposes harmful
effects to the biologies. Vidal et al. analyzed the health and en-
vironmental impacts of eight solvents commonly used in per-
ovskite processing, including DMF, DMSO, dimethylacetamide
(DMAC), NMP, 1,3-dimethyl-2-imidazolidinone (DMI), gamma-
butyrolactone (GBL), tetrahydrofuran (THF) and 1,3-dimethyl-

www.advmat.de

3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU). The disability-
adjusted life year (DALY), which is defined as a measure of dis-
ease burden composed of the sum of the years of life lost due to
premature mortality in the population, and the years lost due to
disability for people living with a health condition or its conse-
quences, is used to evaluate the direct effects via human health
toxicity and higher-order environmental effects impacting hu-
man health rather than human health toxicity directly.'*"! For
the case of direct emission to urban, DMF was found to have
the highest DALYs, followed by DMAC, mainly due to fetotoxi-
city, while DM SO showed the least DALYs. Vidal et al. then im-
plemented the full LCA to analyze the impact during the whole
procedures of perovskite PV manufacturing including industrial
solvent production, use, removal, and end-of-life (EOL) treatment
(Figure 8g). For the EOL, four potential scenarios are shown: 1)
direct air emission of the solvents, 2) incineration of condensed
solvent with energy production, 3) recovery of the condensed sol-
vents without further treatment, 4) distillation for solvent recov-
ery and unrecovered fraction incinerated. The middle term like
solvent removal might need energy input that could further lead
to concerns about global warming and fine particulate matter.
From Figure 8h, the incineration treatment for the EOL with-
out energy recovery is always harmful to the environment, even
higher than the direct emission of solvents into the atmosphere.
DMSO in all scenarios exhibits the lowest human health and en-
vironmental impacts but it usually cannot be used as a single
solvent. Since the total solvent quantity is marginal even at the
industrial scale, Vital et al. concluded that there would not be
likely a substantial impact on human health due to solvent use,
consistent with the view by Wagner et al.'34] But further seeking
greener processes could reduce the harmful impact of solvents,
especially for DMF. In addition, the solvent recovery process is al-
ways more environmentally friendly than incineration even with
energy recovery, which encourages the utilization of an efficient
recovery process.

Except for the toxic lead-containing perovskite and solvents,
Gong et al. developed comprehensive life cycle inventories (LCls)
for all components used in the modules.'*!] Based on LClIs, they
provided 16 common life cycle impact indicators, including acid-
ification, eutrophication, freshwater aquatic ecotoxicity, freshwa-
ter sediment ecotoxicity, human toxicity, ionizing radiation, and
so on."] The typical indicators of two types of PSMs (TiO, and
ZnO-based) are shown in Figure 8i,j, where the gold cathode
in TiO,-based PSMs is the most significant contributor to eu-
trophication (93%), freshwater aquatic ecotoxicity (93%), fresh-
water sediment ecotoxicity (93%), human toxicity (65%), land use
(76%), marine aquatic ecotoxicity (93%), and marine sediment

perovskite thin films on glass and PET substrates. b,c) Reproduced with permission.l"3”] Copyright 2020, Elsevier Inc. d) Characterization of PSC and
its degradation products in ecotoxicity (Zebrafish, Daphnia, and C. elegans media) and cytotoxicity test media (i.e., Beas2B and HepG2 media). Trans-
mission electron microscope images are shown with a scale bar of 50 nm. Reproduced under the terms of the CC BY Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/).[36] Copyright 2019, The Authors, published by Springer Nature. e) The picture of
mint plants grown on control soil and 250 mg k=! g Pb?* perovskite-contaminated soil. The ranges of lead content measured in the leaves, stems, and
roots are reported on the side of each picture. f) Lead concentration in different parts of mint plants: roots, and stems. e,f) Reproduced under the terms
of the CC BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).['*8] Copyright 2020, The Authors,
published by Springer Nature. g) LCA system boundary schematic showing possible pathways for the perovskite PV production. h) LCA of eight aprotic
solvents for perovskite film manufacturing with four potential scenarios for EOL. Negative values indicate energy credits. g,h) This is a U.S. government
work and not under copyright protection in the U.S. i) Environmental profile of 1 m? of the TiO, module. j) Environmental profile of 1 m? of the ZnO
module. i,j) Reproduced with permission.l"*1l Copyright 2015, Royal Society of Chemistry.
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ecotoxicity (93%), while the replacement by silver could signifi-
cantly alleviate this issue.l*!]

Additionally, two sustainable indicators are also very impor-
tant in the LCA: the energy payback time (EPBT) and the green-
house gas (GHG) emission factor, which are perspectives to
quantitatively estimate energy consumption and environmen-
tal emissions.*"1**] The EPBT of a PSM is defined as the ra-
tio between the total primary energy consumption and the an-
nual electricity generation, where the total primary energy con-
sumption includes the energy embedded in raw materials, the en-
ergy consumed in manufacturing, and the energy consumed in
end-of-life processing.'*"1*3] The GHG emission factor indicates
the GHG emissions per kWh of electric power generated by the
PSMs across the whole lifetime and it can be obtained if the car-
bon footprint is divided by the electricity generated. The carbon
footprint is also contributed by raw materials, energy consump-
tion, and direct emissions during manufacturing and landfilling.
Based on the LCIs, these values can be easily calculated, where
the PSMs usually possess a smaller EPBH and higher GHG fac-
tors compared to mature c-Si PV technology due to their different
manufacturing routes.

8.3. Resource Demands and Recycling Potential

As the perovskite PV industry is scaling up, the resource abun-
dance is now supposed to be investigated quantitatively for a
thorough evaluation of the material demand and potential sup-
ply risks. Wagner et al. investigated the resource demand for a
TW-scale perovskite PV production by considering two factors
that reflect supply criticality, namely mining capacity for miner-
als, as well as production capacity for synthetic materials.['**] The
mining capacity is used to measure the availability of each inor-
ganic material for large-scale perovskite PV manufacturing. For
a further clear illustration of mining capacity, another two fac-
tors are defined: demand-production-ratio (DPR) which relates
the material demand for the production of 1 TW a~! PV mod-
ules to current annual primary production, bound-reserves-ratio
(BRR) which relates the material assets that are bound in global
PV installations to the known reserves of the respective material.
Inorganic materials like cesium (Cs) and indium (In) are associ-
ated with high supply criticality and these two factors provide an
intuitive reflection. The DPR factor, focusing on inorganic mate-
rial scarcity is shown in Figure 9a, that Au (DPR) and In (DPR)
used in electrodes and Cs (DPR) used in perovskite have the high-
est values of 195%, 457%, and 1122%. BRR (a 25-year lifetime is
assumed) shows a similar trend to DPR, but when the reserve is
relatively sufficient, this value could become lower. For example,
the Cs reserves are relatively larger although with a low mining
capacity, the BRR factor is reduced to a moderate level compared
to its high DPR level (Figure 9b).[134]

While for the organic components of perovskite (e.g., charge
transport materials, MA, FA, and so on), which mainly consist of
carbon, nitrogen, and hydrogen atoms, just considering the ele-
mental availability is not sufficient. The complexity of the synthe-
sis and current technological readiness of industrial production
needs to be assessed, which can be measured by the technolog-
ical readiness level (TRL). TRL reflects the technological matu-
rity and feasibility of industrial production, and no TRL means
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that, currently, there is no technological concept for industrial
production. The commonly used organic materials are included
in Figure 9c, with the x-axis representing TRL and the y-axis rep-
resenting the necessary scaling for 1 TW a~! perovskite mag-
nitude. Among these organic components, only PEDOT: PSS
is mature and already well-established for industrial production
while spiro-OMeTAD and PTAA do not possess matched scaling
routes. Besides, for a 1 TW a~! scale perovskite scale, the solvent
consumption seems to be enough that all the necessary solvent
scaling demand falls within a production increase below 20%
(Figure 9d).1134

The recycling of potential components of PSMs not only re-
duces the use of scarce resources but also creates economic ben-
efits from recycled materials (Figure 10a). Currently, not all the
parts in a module are easy to recycle or some recycling strate-
gies is not cost-effective, thus a stricter materials and device de-
sign for the circular economy is important and should occur be-
fore commercialization. Now, TCO substrates and encapsulation
components make up the primary cost of the module material
when noble metal electrodes are not used. Song et al. estimated
the glass used in the module made up 41.6% of the total mate-
rial cost and Chen et al. got a similar conclusion with different
components.!'221%5] Besides, lead-based salts like Pbl, also have
a relatively large cost percentage while what’s more concerning
is its toxicity. Thus, the TCO-based substrates, back encapsula-
tion glass, and lead-containing parts attract the most recycling
attention. By applying acidic cation exchange resin, Chen et al.
separated the Pbl, from decommissioned modules with a recy-
cling efficiency of 99.2%, by transforming lead to a soluble lead
nitrate (Pb(NO,;),) salts and then precipitating it to desired PbI,
(Figure 10Db).["*] For the recycling of glass substrates and covers,
thermal delamination was adopted to disassemble the encapsu-
lated modules. Devices based on recycled lead iodide and recy-
cled transparent conductors showed a comparable performance
(Figure 10c). The material consumption for recycling the PSM
was $4.24/m? if these materials were used only once and the
cost could further be decreased to $1.35/m? if reusing DMF and
resin five times, and it saved the total value of recycled compo-
nents, including front ITO/glass, Pbl,, and back cover glass, to
~$12/m?. The recycling of other parts like the TCLs and back
metal electrodes is strongly dependent on the device configura-
tion. For example, the reuse of noble metals like gold is valu-
able while sometimes becoming useless for inexpensive coun-
terparts like Al and Cu. The reuse of organic CTLs is usually
different to perform because these commercial films (like spiro-
OMeTAD) may contain many elements whose recyclability has
been rarely studied (Figure 10d).1*¢! Wang et al. demonstrated a
so-called “one-key-reset” recycling method to simultaneously col-
lect all the functional layers from a PSC. This method utilized
a bleaching solution to spontaneously separate the perovskite
layer from the spiro-OMeTAD layer due to solvent polarity and al-
low detachment of the gold electrode and SnO,-coated ITO/glass
substrates.[**] This approach paces the way to dramatically lower
the levelized cost of energy of perovskite PVs and enhance their
competitiveness in future energy markets.

In addition to creating dramatic economic benefits, the recy-
cling utilization of components of PSMs also protects the en-
vironment, such as decreasing energy consumption and green-
house gas emissions. Reusing TCO substrates and related CTLs

© 2024 Wiley-VCH GmbH
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Figure 9. Material demand and required increase for TW-scale perovskite PV industry. a) Supply risk assessment of inorganic materials used for TW-
scale perovskite PV. The organic materials MA and FA are been also added for comparability. Dashed arrows illustrate the potential to reduce the DPR by
scaling the production. b) BRR of different elements used in PSMs. c) Necessary scaling of production and increase in TRL of the industrial synthesis of
synthetic materials fora 1 TW a~! perovskite PV production. d) Necessary increment of solvent production for the production of 1 TW a~! perovskite PV.
Dashed arrows illustrate the potential to reduce consumption by solvent recycling. a—d) Reproduced under the terms of the CC BY Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).13#] Copyright 2023, The Authors, posted as arXiv:2306.13375.

is one straightforward method to reduce EPBT and GHG emis-
sion factors, which effectively reduces energy consumption and
environmental effects. Tian et al. compared six kinds of PSCs
with different substrates, CTLs, configurations, and electrodes,
and analyzed both the landfill and recycling EOL scenarios.['*?]
For example, for the LBSO module which employed lanthanum
(La)-doped barium stannate (BaSnO,) as ETL, up to 72.3% of pri-
mary energy is saved by reusing LBSO-coated FTO substrates and
Cu electrodes. For Other types of PSCs like metal oxide-based
modules, only 15.5% of the primary energy is saved. The dif-
ferences mainly originate from the different energy consump-
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tion during assembly. The EPBT and GHG emission factors
are linearly dependent on the mentioned primary energy con-
sumption, which is cut down by a similar percentage for six
types of PSCs. The EPFT and GHG emission factors are thor-
oughly compared with existing PV technologies, including c-Si
modules, poly-crystalline silicon (p-Si) modules, ribbon silicon
(ribbon-Si) modules, CdTe modules, OPV modules and two al-
ternative PSMs (the TiO, module and the ZnO module) in Tian
et al.’s discussion, where the best-recycled module architecture
(SnO, type) exhibit an extremely small energy payback time of
0.09 years and a GHG emission factor of 13.4 g CO, equivalent
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Figure 10. Recycling potential of PSMs. a) Guidelines for perovskite PV recycling. Reproduced under the terms of the CC BY Creative Commons At-
tribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).1'3*] Copyright 2023, The Authors, posted as arXiv:2306.13375. b)
Roadmap for recycling of PSMs for substrates and lead. c) PCE of PSCs fabricated with commercial 99.99% Pbl,, recycled Pbl,, and commercial 99%
Pbl, and PCE of PSMs fabricated on fresh ITO and recycled ITO. b,c) Reproduced under the terms of the CC BY Creative Commons Attribution 4.0 Inter-
national License (http://creativecommons.org/licenses/by/4.0/).['*] Copyright 2021, The Authors, Published by Springer Nature. d) three components
of (i) Au and SnO,-coated ITO/glass (ITO/SnO,), (ii) liquefied perovskite, and (iii) nonpolar solvent-dissolved spiro-OMeTAD have been obtained,
reproduced with permission.[4] Copyright 2021, Elsevier Inc. €) Comparison of GHG emission factors among 13 PV modules based on different tech-
nologies. f) Comparison of EPBT among 13 PV modules based on different technologies. e,f) Reproduced with permission from. Ref. [142]. Copyright
2021, Springer Nature Limited.
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per kWh (Figure 10e,f).l"*11%21 Thus, the effective recycling of
PSMs demonstrates great potential for module cost and LCOE
reduction.

9. Perspective

In this manuscript, we start with the challenges perovskite mod-
ules are facing toward commercialization and propose the corre-
sponding strategies. In general, to achieve practical applications,
the LCOE of PSMs should be reduced to a comparable level with
state-of-the-art PV technologies, which proposes strict demands
for the PCE, lifetime, and cost. In addition to the main concerns,
we also put forward several other subordinate challenges or de-
veloping aspects that could facilitate commercialization. The first
aspect is the toxicity issue at the product level as well as during
fabrication processes. The second is the attainment of highly effi-
cient perovskite-based tandem modules, which could further ac-
celerate the LCOE reduction.

Almost all high-performance PSMs utilize lead-containing
components because of their unique and irreplaceable optoelec-
tronic properties. Due to the water-soluble nature, the leakage
problem of toxic lead needs to raised concerns although the
amount of lead contained is relatively limited. One practical ap-
proach mentioned above is to use built-in materials like poly-
mers for delicate encapsulation. A new device structure that in-
corporates a low-cost mesoporous sulfonic acid-based resin into
perovskites as a scaffold immobilizes lead ions inside even if
perovskites are exposed to rainwater.'*’] These results strongly
suggest that perovskite PV products can be deployed with min-
imal lead leakage with appropriate encapsulation employed. In
addition, the recycling of lead and other valuable components
of the scrapped modules will not only help to reduce the nega-
tive impact on the environment but also save the use of scarce
resources.!'*21%] More investigation should be devoted to find-
ing a cost-effective and feasible approach to effectively recycle
the worthwhile parts. Apart from the lead leakage, the toxicity
of commonly used solvents during fabrication, such as DMF,
and NMP, which are injurious to health because of toxicity, abil-
ity to penetrate the skin, and carcinogenicity, is also one promi-
nent problem.['*?] The EOL treatment of solvents needs care-
ful consideration that incineration sometimes creates more pro-
nounced negative impacts on the environment than direct emis-
sion although they can produce excess energy.[*%] Several groups
are seeking green solvent systems for toxicity reduction: one ap-
proach is to replace hazardous reagents with those exhibiting re-
duced toxicity like ethanol, and the second is to use a solvent with
very low vapor pressures, like ionic liquids, which limits the emis-
sion to the atmosphere.[139148.14]

Further improvement of PCE plays a vital role in LCOE reduc-
tion. Thus, high-efficiency tandem solar cells can be an effective
approach in the future, as they do not induce much additional
area-related BOS cost. This feature could make the PCE gain in
tandem prevail over the other additional fabrication costs. The
bandgap-tunable nature makes perovskites a promising candi-
date to compensate with various bottom cells like ¢-Si, CIGS, and
low-bandgap perovskites. Due to the high PCE and mature indus-
try of silicon, employing c-Si solar cells to fabricate perovskite-
silicon tandem modules has an undisputed prospect. According
to the calculation by Zafoschnig et al., the LCOE of the perovskite-
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silicon tandem module is estimated to be lower than that of a
commercial c-Si module and a single-junction PSM if the PCE ex-
ceeds 24% and lifetime performs at the comparable level with sil-
icon (Figure S7, Supporting Information).">") The record PCE of
perovskite-silicon tandems has reached 33.9%, surpassing other
types of tandems based on perovskites.[>!3] However, some is-
sues remain and are supposed to be further unified or solved.
The adoption of wide-bandgap perovskites (as top cells) exacer-
bates the stability of real-world energy yields, challenging the
progression of widespread commercialization. The phase insta-
bility, for example, the migration of bromide and iodide ions in
wide-bandgap perovskites becomes deteriorated, leading to the
segregation of bromide-rich and iodide-rich perovskite phases.
The strain-related instability also requires attention as the mis-
match between the perovskite-silicon interface exceeds that of
glass as the CTE of silicon is down to 0.26 x 107> K~1.["1 In
addition, choosing what types of ¢-Si as the bottom cells has not
been unified. Tunnel oxide passivated contact (TOPCon)-type and
heterojunction (HJT)-type ¢-Si solar cells can both realize high
PCEs and are often chosen as the bottoms. The “n-i-p” structure
(in the view of perovskites) of TOPCon may render perovskite-
TOPCon tandems to develop out of the mainstream because cur-
rently the top wide-bandgap perovskite solar cells mainly utilize
inverted structures. Finally, highly efficient c-Si cells have tex-
turization (typically 0.5-10 um) on both sides for improved light
trapping.!**1-153] Depositing perovskite on this rough surface will
be a challenging task. Vapor-based deposition like thermal evap-
oration serves as one of the alternatives but faces the issue of
increased expense, complexity, and decreased output. New at-
tempts still need to be proposed for building a bridge between
the laboratory and industry.
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