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1 Introduction

Metal halide perovskites (MHPs) are favored electronic and optoelectronic semi-
conductor devices due to their high conversion efficiency and low cost. In 2009,
MHPs were used in the development of perovskite solar cells (PSCs) with a power
conversion efficiency (PCE) of 3.8% [1]. PCE has risen rapidly to 25.7% [2] in 2022
for single-junction solar cell architectures with area < 0.1 cm? With the current
focus on low-cost, clean, and renewable energy sources, there is great interest in
upscaling this technology to large-area photovoltaic (PV) modules. The Department
of Energy (DOE) has defined aggressive goals to reduce the levelized cost of elec-
tricity for utility-scale PV to $0.02/kWh by 2030 [3-5]. Two scenarios are defined
to reach this goal: (1) high performance and (2) low cost. The low-cost scenario
assumes module efficiency of 20% and a cost of $0.17/W [4]. To achieve this goal,
a module technology must be manufactured at a fraction of the cost of conven-
tional crystalline silicon-based (c-Si) modules. Locally produced, solution, or
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vapor-processed perovskite PV modules offer a promising pathway to meet this
goal. However, challenges exist in upscaling from the cell level (<10 ¢cm?) to the
minimodule (>100-1000 cm?) or full module level (>1000 cm?); yet, current PV
technologies have overcome similar challenges. While upscaling represents a sig-
nificant engineering and research effort, it is a common stage in the path to com-
mercializing new PV technologies. In this chapter we outline four critical research
areas to be addressed in this path to commercialization: manufacturing, perfor-
mance characterization, reliability testing, and environmental health and safety.
Here, we provide a short introduction to each topic to set the stage for the develop-
ment landscape.

Manufacturing There are many challenges to upscaling to full-sized MHP mod-
ules and developing a commercial manufacturing process. Applying uniform thin
films to large areas requires fundamentally different methods than those used for
small single cells. Spin coating, which is used for most small area PSC research and
development, is not scalable for large areas and mass production. Instead, slot-
die coating, blade coating, spray coating, or vapor-based application methods are
preferred [6—17]. However, changing the film application method requires changes
to the precursor ink rheology and careful attention to the processing steps and the
manufacturing environment to ensure a high-quality, uniform film deposition. In
addition, module fabrication involves additional processing steps compared to cells.
Scribing is used between film deposition steps to divide the film into separate inter-
connected cells (Fig. 1a). Along with careful deposition, scribe quality and scribing
precision are important aspects to module fabrication to minimize electrical losses.
Another approach to using perovskites for PV modules is in a tandem structure
where the PSC is placed above or below a second solar cell. The additional cell
could be a variety of materials, for example, c-Si, CdTe, CIGS, organic, or even
other PSCs. Monolithically integrated two-terminal (2 T) and mechanically stacked
four-terminal (4 T) tandem solar cells provide a solution to the critical thermalization
loss and high transmission phenomenon seen in single-junction architectures. Still,
each approach faces different engineering challenges.
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Fig. 1 (a) Schematic for MHP thin film including all deposited layers. ETL/HTL is alternated to
either an inverted n-i-p or planar p-i-n structure. This schematic includes the separation of inter-
connected sub-cells using scribing of P1, P2, and P3. (b) Schematic of packaged MHP module
with a glass-glass configuration
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Performance Characterization Another challenge for commercializing
perovskite modules is the difficulty in characterizing module performance due to
their relatively slow response and metastability. Conventional c-Si and other thin-
film PV modules (e.g., CdTe and CIGS) can be characterized on the production line
using a flash test, where the module is exposed to a rapid flash of light (~100 ms or
less) during which an /-V curve is measured. Like other current PV technologies
such as CdTe and CIGS, many PSCs are metastable when initially exposed to light.
Meaning their electrical output changes rapidly until it eventually stabilizes, a pro-
cess that can take several seconds to hours. Preconditioning (or stabilization) is a
general technique used to bring a module into a stable state so that a characteriza-
tion is repeatable. Preconditioning usually involves illuminating the module until
performance is stable. However, preconditioning takes time which is non-conducive
for a high-speed production line that cannot wait for each module to stabilize during
production. Therefore, to satisfy the unmet challenge for rapid production rates and
comparable devices in MHP modules, fast measurement techniques need to be
developed and validated to support high-speed manufacturing.

Reliability Commercial PV modules are expected to operate outdoors in varied,
harsh environments for decades. A commercial thin-film module must be protected
from environmental stresses such as mechanical loading, moisture, UV radiation,
etc. Typically, thin-film modules are laminated between two sheets of glass to pro-
tect the active layers from the environment as shown in Fig. 1b. Perovskites are
especially sensitive to moisture exposure; adding an additional packaging require-
ment to reduce water ingress as much as possible is preferred. Figure 1b shows a
conceptual packaging design for prototype minimodules that includes double glass
with an edge seal. It is important that the encapsulant material does not degrade and
release reaction products that may harm the inner layers. For example, EVA, a com-
mon encapsulant material, has a degradation pathway that results in the release of
acetic acid, which may degrade the MHP and corrode metal contacts [18-20].
Accelerated testing inside climate chambers can be used to provide confidence that
a module can survive harsh conditions in the field. However, the applicability of
current accelerated testing standards for MHP modules remains an active area of
research.

Environmental Health and Safety Another challenge to commercialization is the
fact that MHPs are made using lead (Pb) in the absorber. Most c-Si PV modules also
contain lead, which is present in the solder used to connect cells together. However,
there is concern that the lead in MHP is much more soluble and could be released
into the environment more readily if the module were to break and be exposed to
water. Early research investigated these risks using leaching tests where the module
is sampled and crushed and placed in solutions of leachate. Alternative perovskite
formulations with tin (Sn)-, cesium (Cs)-, and chromium (Cr)-based halide
perovskites appear to be less harmful; however, the performance and stability of
these alternatives are still under investigation. Alternatively, other materials can be
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added to the device stack or included in the encapsulation that bind to lead and
decrease transfer to the solute.

This chapter will explore these challenges among others that should be addressed
before the commercialization of large-scale MHP modules can be realized.

2 Manufacturing of Perovskite PV Modules

There are two primary methods used to deposit the active perovskite layer and
charge transporting layers (CTLs) for large-area modules: (i) solution- or chemical-
based deposition (one-step or two-step) [6, 7, 21-33] and (ii) vapor-based deposi-
tion [23, 34-37]. Scalable solution methods include blade, slot-die, gravure, and
spray coating. Vapor-based methods have been widely adopted in the PV industry
for manufacturing CdTe PV modules [38, 39] but can require more challenging
setups (e.g., vacuum processing) compared to solution processing methods.

To achieve high-performance modules, high-quality homogeneous films are
required. High-quality films are often characterized by uniform coverage and
pinhole-free films [33, 40]. However, achieving high-quality films for a seamless
production requires a controlled manufacturing environment and atmosphere that
includes posttreatments such as substrate heating [41], air-knife assistance [42], co-
solvent incorporation [43, 44], antisolvent engineering [45], Lewis acid-base adduct
method [46], additive engineering [47—49], and efficient precursor solution chemis-
tries that enable low-defect solvent removal [50]. There are a number of detailed
review papers on these topics and therefore will not be covered extensively here [9,
42, 46, 49, 51-72]. Precursor rheology must also be optimized for each application
method and deposition technique. Multi-solvent blends are typically developed for
large-area depositions to optimize film formation. Common solvents include
dimethyl sulfoxide (DMSO), dimethylformamide (DMF), N-methyl-2-pyrrolidone
(NMP), y-butyrolactone GBL (used as cosolvent), THF, 2ME, and others. However,
DMF introduces significant health risks, and GBL is subject to legal restrictions in
many countries which limits their commercial viability [73]. The need for an envi-
ronmentally safe nonvolatile solvent to synthesize the active and transport layers is
an essential step toward commercial viability [73-77].

Green solvents exist such as ethyl acetate (EA) which is typically used as an
antisolvent for perovskite precursor to optimize the perovskite/transporting material
interface [78]. However, EA evaporation is slow and could impact the active layer
crystallization process [78, 79]. Therefore, developing new green solvent chemis-
tries with more volatile systems are needed for low-energy, low-cost scalable fabri-
cation methods with limited waste and efficient precursor chemistries for large-area
manufacturing [61, 74, 75, 77-82].

To make modules, it is necessary to add scribing steps between the deposition of
the various layers of the perovskite device (Fig. 1a). The division of the film into
separate smaller series-connected sub-cells increases the voltage; however, the
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current in the module is limited by the lowest current produced by any of the sub-
cells. Therefore, reducing resistive losses and increasing efficiency are dependent
on developing homogeneous deposition processes for all functional layers.

Scribing techniques used within the literature rely on three scribing steps P1, P2,
and P3. The scribing is repeated depending on the number of sub-cells on a single
large-area substrate. P1 patterning defines the width of a sub-cell and isolates the
substrate from the front transparent conductive oxide (TCO) layer. After the deposi-
tion of the electron/hole transporting layers as well as the absorber layer, P2 scrib-
ing is performed. An interconnection of the neighboring sub-cells is produced by
selectively removing the top layers of the oxide to expose the TCO layer with
mechanical or laser scribing. The precision of the P2 scribe is very important
because it is used to establish a series contact between the back and front conductive
layers of neighboring cells in the module to ensure optimum charge conductivity
[83-85]. If P2 is not precise, the current transport that is formed from the electrical
interconnection of sub-cells is limited [32, 84, 86]. The final P3 scribe is performed
after the application of the bottom electrode which completes the monolithic series
interconnection by producing electrical isolation for the top electrode and the adja-
cent sub-cells. The bottom electrode is laser scribed to electrically disconnect the
back contact from sub-cells to form P3. The region between P1 and P3 is considered
the “dead area” because it does not contribute to PV conversion under operational
conditions [86, 87]. Scribing methods must be precise, and the purpose of scribing
is to achieve good electrical series interconnection with low active area loss.
Efficient scribe passivation and a good electrical series interconnection with very
low area loss is key for high-performing modules. As more research pivots to the
module scale, scribing and passivation will likely become a critical focus of the
research community.

Inactive area losses are defined by the geometrical fill factor (GFF): the ratio
between active area and total area [88]. By enlarging the module area, the GFF can
be enhanced because the ratio of dead area associated with edges for encapsulation
and frames is reduced [88, 89]. However, as active area width is lost, the photogen-
erated carriers are reduced and the efficiency suffers. Therefore, there exists a trade-
off between wider cells (lower inactive area with higher resistive losses) and
narrower cells (higher inactive area and lower resistive losses) [90, 91]. It is for
these reasons that there is still a significant gap between cell and module efficien-
cies. Panasonic Corporation achieved a PCE of 16.09% for a perovskite module
with an aperture area of 802 cm? which is 30 cm long, 30 cm wide, and 2 mm
thick [92].

The need for a reliable low-cost manufacturing process depends on a reproduc-
ible method with high-throughput homogeneous deposition. Roll-to-roll and sheet-
to-sheet processing are attractive options for MHP manufacturing. Roll-to-roll is a
low-cost operation that allows for flexible substrates, continuous production, and
high speeds [93-95]. Sheet-to-sheet processing is less susceptible to damage than
roll-to-roll; however, switching to multiple substrates is easier in this method
because there is only one roll holder [94, 96]. In either system, reproducibility is
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critical with large-area substrates to ensure the manufacturing process yields similar
performance properties every time.

Careful characterization and rapid production rates for large-area MHP modules
are contingent upon the quality and efficiency in module performance characteriza-
tion and in-process characterization methods that reflect the unique behavior of
MHP. Multiple steps within perovskite module production will rely on fast and
efficient in-line characterization methods to validate module performance and iden-
tify key parameters that impact production quality for a highly controlled manufac-
turing process.

3 Performance Characterization

To produce high-quality MHP modules, process control and in-line detection meth-
ods that quickly monitor the film quality and performance of modules are needed.
Performance loss under illumination is identified depending on its effects in the
current—voltage (I-V) characteristics of the device [97-99]. Electronic shunts,
ohmic loss (voltage drop), recombination loss, and reduced current generation all
impact device performance [97]; however, most are manufacturing defects that can
be improved with careful large-scale fabrication. MHP undergoes voltage changes
when exposed to light and voltage bias with rates affected by temperature. Therefore,
fast measurements to monitor the film quality and its electrical characteristics dur-
ing multiple stages of production are critical to ensure long-term performance for
project owners and investors.

Small electronic shunts originate from high resistance between the cell’s two
contacts that cause local heating (hot spots) and faults that influence hysteresis
behavior and reduce the maximum power [100]. Uneven coverage of the absorber
and contacts, inhomogeneities between the deposited layers, and rough surfaces can
cause shunts that impede the current generation and performance parameters like V,.
and FF. As a result, power is reduced, and an undesirable /-V hysteresis may result
which is mainly related to ion migration in the bulk and at the interface of the device
[101-103]. I-V curves and electroluminescence (EL) imaging are typically used to
monitor shunt behavior at various stages of production.

The PV community reports device performance at a fixed condition, known as
standard testing conditions (STC). This is defined as a module temperature of 25 °C,
solar irradiance of 1000 W/m?, and a reference spectrum defined at air mass of
AM1.5 [104]. STC creates uniformity in testing conditions for accurate compari-
sons of module performance from different manufacturers. In an /-V measurement,
a voltage is swept across a device, and the current is recorded at each stabilized
voltage step which typically takes seconds [104]. Ideally, the measured current will
be dependent on the measuring conditions (voltage, temperature, irradiance, envi-
ronmental conditions) and not the prior history of the device [104]. However,
perovskites response times (seconds to minutes) require longer sweep times and
scan rates to allow for sufficient current stabilization at each voltage step [93]. The
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IEC 60904-1 measurement standard describes procedures for /-V characteristics of
PV devices to ensure basic requirements for /-V measurements, define procedures
for different measuring techniques, and include practices to minimize measurement
uncertainty [105]. However, the IEC 60904-1 standard does not describe the special
treatments needed to stabilize the current before performance characterization.
Characterization methods typically use simple equipment; however, due to MHP
metastability and slow responding device behavior, precise measurements require
specialized equipment and expertise.

The primary measurement used to rate modules during production is the maxi-
mum output power (P,,,,) ratings at STC. This is an essential parameter for accurate
output power rating nameplates and specification data sheets that distinguish
between cost-dependent high-performing and low-performing perovskite modules.
The higher the power rating, the more watts the module produces and the more
expensive the module. Power ratings are critical because they aim to match real-life
conditions for a fair understanding about how modules perform outdoors. However,
accurate P, is a challenge because it is difficult for a simulator to exhibit real envi-
ronmental conditions by only varying the temperature and irradiance without the
consideration of environmental stressors. Maximum power point (MPP) tracking is
a continuous steady-state measurement to find the maximum power by using a
perturb-and-observe algorithm to keep the device at its maximum power for some
time, and then an average power is reported to represent P,.

Flash tests are a quick method that can be automated on a production line and
performed approximately at a rate of once per second by exposing the module to a
fast (20—100+ ms) flash of light during which an -V curve is produced and P, is
measured. Flash tests are a conventional method used to yield power ratings for cur-
rent commercial PV technologies. Spectral uniformity match, spatial uniformity,
and temporal stability are used to assess the reliability and quality of the measure-
ment. It is performed several times during production, especially after lamination to
test the functionality and performance of the completed module. Though flash test-
ing has shown its effectiveness for current commercial PV technologies, it remains
a challenge for MHP modules. Song et al. showed that fast -V curves may overes-
timate /. and underestimate FF for PSCs compared to a slow asymptotic continuous
scan [94, 106—108]. Increasing the scan speed is possible for a flash test; however,
it could overestimate performance parameters like V,.. Decreasing the scan speed
could easily give time for carrier generation and extraction to come to completion;
however, slow scans require different light source and increase the overall testing
time. It is difficult to assume that all identical modules will respond identically to a
flash test, though this test could give a close enough approximation to a consistent
performance measurement to distinguish between best- and worst-performing mod-
ules. This is an area of current research.

Dynamic /-V or asymptotic /-V measurements are like conventional /-V in
which a stepwise /-V is produced; however, at each voltage step, a stabilization
period allows the device under test (DUT) sufficient time to complete current col-
lection. Essentially it is a series of stabilized current at fixed voltage (SCFV) mea-
surements over a specific voltage range.
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Some MHP cells and modules exhibit different /-V behavior depending on the
direction of the I-V curve (/. to V,. vs. V,. to I;.) [52]. This I-V hysteresis behavior
is dependent on parameters such as scan rate, scan direction, bias applied, precon-
ditioning, and device architecture [101, 109—111]. Different electrical characteris-
tics of an /-V curve limit reproducibility and lower carrier mobility and collection
rates while presenting challenges for a fast-responding stable measurement. The
origin of an /-V hysteresis is mainly ion migration; however, ferroelectric polariza-
tion, ion trapping, and capacitive effects are also potential causes [102, 106, 107,
112-116]. Ion migration in MHP gained much attention when Snaith et al. sug-
gested that it was one of three possible origins for the /-V hysteresis phenomenon
and showed how device architecture and process control influence the severity of
the I-V hysteresis behavior [117-119]. They showed that a stabilized power output
is possible under operational conditions; however, the I-V hysteresis is likely to
affect MPP tracking effectiveness. More work in this area should focus on ion
migration kinetics and how light illumination and dark storage impact the move-
ment of ionic and electronic species and device stability.

The effect of operating temperature on module performance is an important
parameter for yield assessment. Not many studies have been performed to measure
these effects on PSCs or MHP modules. Moot et al. studied PSC performance with
temperature and found the relationship to be nonlinear [120]. They showed that
efficiency vs. temperature for MHPs was influenced by a change in V,. and /. which
is distinct from c-Si which is predominantly affected by V,. [120, 121]. Accurate
temperature coefficient calculations are necessary for the commercialization of this
technology. More work is needed in this area.

4 Reliability

This section discusses degradation, stability, lifetime, durability, and reliability of
MHP modules. Though these terms may seem similar, they have only one thing in
common: they are all affected by the degradation mechanisms at the individual cell
level and/or the failure modes at the module level. Degradation is the observed dete-
rioration of PV performance parameters due to different stressors resulting from
chemical or mechanical effects. Stability is the investigation of the degradation and
the mechanisms behind this phenomenon to determine how fast or slow the process
occurs over time [122]. The lifetime of a cell or module is how long (in minutes,
hours, or years) the cell or module produces power at a reasonable level in a safe
manner [123]. The lifetime is usually defined as the time it takes the cell or module
to lose 20% or retain 80% of its initial power, often referred to as Ty, [122, 124—
127]. While durability focuses on maintaining output power level of cell or module,
reliability focuses on the module’s failure [123]. Using our definitions, a MHP tech-
nology would be said to be reliable if it performs a specific function for the expected
lifetime. On the other hand, it would be durable if it can withstand pressure, wear,
or damage while performing its function.
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Degradation sources in PV can be generally classified into intrinsic or extrinsic,
interfacial, or a bulk device effect. Module failure modes include other external fac-
tors, in addition to the individual cell’s degradation sources, such as environmental
stressors (e.g., wind, UV) and damage to the PV module themselves. The intrinsic
degradation of the bulk active layer of the MHP cell can be caused by several stress-
ors resulting in photooxidative degradation [125, 126, 128, 129], thermal degrada-
tion [126, 130], general degradation due to morphological changes or heterogeneity
of the active film [130-132], and/or interface degradation [126, 132, 133]. The most
influential factors in the intrinsic MHP degradation pathways could be (i) diffusion
of oxygen (O,) and/or moisture causing oxidative degradation of the active layer,
delamination, interlayer reactions, and/or oxidation of electrodes [128, 129, 134—
136]; (ii) temperature effects or heating leading to thermal degradation, pronounced
degradation due to thin-film heterogeneity, and/or metal ion diffusion [128, 130,
134, 135, 137, 138]; and (iii) UV-light responsible for light-assisted doping by O,
and/or photo-induced degradation [129, 132, 134—136]. All three degradation path-
ways can occur simultaneously in cells and modules. However, in modules there
could be additional failure modes due to interconnections and packaging. The per-
formance stability and lifetime measurements of laboratory-scale next-generation
PVs including MHP PVs (with specific challenges known to MHP module fabrica-
tion) have so far only been limited to a couple of hundreds to thousands of hours
[100, 125-127, 139]. However, for the levelized cost of energy metrics to approach
SETO’s 2030 goal of $0.02/kWh, MHP modules are expected to last at least 20 years
in the field [3]. It is worth nothing that groups are exploring avenues for shorter
lifetime modules, leveraging recycling, repair, and repowering approaches.

Any number of stressors, defects, or environmental conditions can lead to mod-
ule failure modes and therefore lead to low module reliability and durability. This is
equally true for traditional PV technologies like c-Si or CdTe. Here, we classify
these degradation modes generally into two groups based on whether they are visu-
ally observable or not. Table 1 shows the detailed classification and some of the tests
(discussed later) needed to certify or qualify the modules for field operation. Getting
a deeper understanding of the various degradation, defects, and failure modes at the
fundamental level, both quantitatively and qualitatively, is essential for advancing
the technology. It will be crucial for developing qualification and safety test proto-
cols unique to MHP modules. This is a task currently undertaken by one of SETO’s
funded joint projects under the Perovskite PV Accelerator for Commercializing
Technology (PACT). PACT’s protocols are under development and updated regu-
larly [140].

4.1 Qualification and Safety Testing

Since much of the current MHP research has been at the lab and cell level, many
researchers use the protocols set under the international summit on organic photo-
voltaic stability (ISOS) [4, 66]. The ISOS protocols are not meant as a replacement
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Table 1 Identified degradation mechanisms and failure modes in MHP PV cells and modules

Visual | PV cells within the

defects | module PV module Environmental factors
Yes -Cracks/fracture -Damages to frame and -Shading
-Edge seal defects junction box -Soiling
-Corrosion of cell -Corrosion and breakage of | -Structural failures due to natural
metallization glass events (rain, sun, wind, snow,
-Discoloration and hail, fire, dust, etc.)

delamination

(or degradation of back
sheet)

-Sealant issues/defects
-Discoloration and
delamination of encapsulant
(degradation of encapsulant)

-Cracks/fracture
-Electrical arcing
No -Light-induced -Contact failure due to -Reverse-biased degradation due

degradation electrochemical corrosion to shading on cells connected in
-Light and elevated | between MHP films and series
temperature-induced | metal electrodes -Degradation due to natural
degradation -Internal circuitry events (rain, sun, wind, snow,
-Potential-induced discoloration hail, fire, dust, etc.) such as
degradation -Breaks in electrical moisture permeation or thermal
-Edge deletion circuitry fatigue
-Thermal degradation | -Substring in open circuit
-Cracking and ‘Nonfunctioning bypass
mechanical diodes
delamination of -Thermal degradation

MHP layers (Fig. 1a) | -Cracking and mechanical
-Shunts due to laser | delamination of MHP cell

scribing and layers (Fig. 1a)
impurities in the -Failure of electrical solder
MHP thin film bond

-Reversed bias hot spots

for qualification testing; rather they are to be used as research tools. Researchers and
manufacturers follow certain standard protocols to assess how well a module would
perform under stressors. We refer to these as accelerated stress tests (ASTs).

At the industry level, a set of ASTs are used to similarly assess any type of PV
module. They are qualification testing or type approval testing (in other parts of the
world) and safety testing. Passing both qualification and safety testing is a major
step in commercializing a PV module. Qualification testing, a set of defined ASTs,
is usually derived from a reliability testing program. They are set by the International
Electrochemical Commission (IEC) to determine the module quality. In other
words, it consists of various module quality tests (MQT) that include application of
one or more stressors for a prescribed length of time. Tests are pass/fail with differ-
ent criteria defined for each MQT. They help detect early known degradation or
failure modes of PV modules in particular environments with limitation in duration
of test, acceptable costs, and level of quality of individual modules that pass the test.



“Metal Halide Perovskite Solar Modules: The Challenge of Upscaling... 307

The qualification testing is a blank pass or fail process, and therefore these tests do
not determine a module’s entire lifespan.

In today’s PV module technologies, there are three such qualification tests
depending on the type of PV modules to be tested, either c-Si PV, thin-film PV
modules such as a-Si or CdTe, or concentrator PV modules. They are known,
respectively, as the IEC 61215, IEC 61646, and IEC 62108 protocols [141]. These
standards are revised and improved over time, with the intent of ensuring a rigorous
AST standard consistent with reproducible environmental stressors such as tem-
perature, light, and humidity. For instance, the first qualification testing for terres-
trial PV modules, the IEC 61215 protocol, was established in 1993. Its third edition,
revealed in 2016, has merged IEC 61215 and IEC 61646 protocols, bringing signifi-
cant changes to the technical content with the inclusion of light exposure, specific
to each technology.

Today’s qualification tests are a result of the 1975 US government’s efforts to
improve PV module performance, leading to the jet propulsion laboratory (JPL)
block buy program. Modules were designed and produced under contracts by differ-
ent manufacturers, tested in phases—the block buys—and labeled as Block I to V
[142]. The blocks were run through a series of ASTs intended to reproduce field-
observed failures. These tests were adapted over time as modules designed were
optimized until the modules were discontinued or successfully passed the qualifica-
tion testing. Details of the blocks by modules and qualification testing can be found
in Ref. [142]. Consequently, the PV community does not have to fully reinvent the
wheel for MHP module qualification testing. We can take clues and acquired knowl-
edge from the JPL program, learning from it and constantly applying modified ver-
sions based on our evolving understanding and insights into MHP module
degradation and failure modes.

The other standard test type is safety testing, offered under the IEC 61730 or
Underwriters Laboratories (UL 61730). Both tests focus on safety and nonhazard-
ous operation of the PV modules [143]. Currently, there are two protocol versions
for the safety testing for the IEC 61730 standard, namely, IEC 61730-1 and the
redline version, IEC 61730-2. The safety test demands that fundamental PV module
construction requirements are met to provide safe fire, mechanical, and electrical
functioning of the modules over their lifetime. It consists of various module safety
tests (MST)), in total around 56 (0 < i < 57, with i a natural number) under the IEC
61730-2 protocol requirements. They are important, as they seek to help prevent,
during the operation of the modules, personal injuries due to environmental and
mechanical hazards, fire hazards, and electrical shocks. The safety concerns and
testing for MHP PV modules may have to go beyond the current parameters and
consider other environmental and health hazards (i.e., possible leaking of Pb into
the surrounding environment of the modules) as discussed in Sect. 15.5.

The current IEC standards for testing are tailored for commercially available PV
technologies, with c-Si and a-Si being the baseline. Thus, these tests are unlikely to
fully capture and consider all the prevalent failure/degradation modes of the next-
generation thin-film PV modules such as MHPs. As indicated, MHP degradation/
failure modes are governed by multiple factors that affect the device’s long-term
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stability, still not fully understood (still under discovery due to differences in mate-
rials), and thus may not be well appreciated by the IEC standards. For example,
improvements to MHP materials and devices have increased thermal stability, but
exposure to light at elevated temperature remains a critical stressor to determine
durability. Currently, there is not a light and elevated temperature test as part of the
IEC-61215 tests. In addition, existing IEC tests may need to be fine-tuned for the
next-generation thin-film modules, especially MHP modules, as the current tests
may also cause other failure modes otherwise not observed in the field [144].
Advancing the long-term performance stability of these new technologies is cru-
cial to their commercialization and deployment. However, even at the lab scale,
there are a lot of inconsistencies in reported procedures and parameters [126, 145,
146]. For these reasons, some members of the MHP PV community came together
to lay down some ground rules based on the ISOS protocols [124, 126] in what
came to be known, especially for MHP, as the “consensus statement for stability
assessment and reporting for perovskite photovoltaics based on ISOS procedures”
[126]. These ground rules guide laboratory-scale research testing, as they are more
focused on the MHP devices at the cell level. In addition, SETO went a step further,
publishing minimum requirements for durability/reliability performance targets,
using modified IEC 61215 protocols combined with the ISOS-L-2 light soaking test
[126] of the ISOS protocols, as a baseline for meaningful assessment of MHP mod-
ule scale qualification testing until an international AST standard is reached. While
the details of the ISOS-L-2 and other protocols for lab-scale next-generation PV
cells can be found in Ref. [126], SETO’s recommended MQT from IEC 61215
comprises of (i) MQT,,, UV preconditioning; (ii) MQT);, thermal cycling; (iii)
MQT;;, damp heat; and (iv) MQT,; PID [3]. This set of tests does not consider the
humidity freeze test (MQT),) and others, as SETO’s focus is on the material and
device stability rather than the packaging. It is our opinion that any AST standard
considering packaged MHP modules for commercial viability should eventually
include all other relevant MQT tests, but this is a good starting point for the technol-
ogy. Another simple but crucial quality test not mentioned in the SETO recommen-
dation is the electroluminescence (EL) test, capable of unearthing otherwise
invisible microscopic defects such as cracks, moisture effects, and welding issues.
One risk with ASTs is the possibility that they will produce degradation not con-
sistent with outdoor field performance. Ideally, ASTs do not reveal degradation that
is not observed in real-world operation. Thus, one must always reconcile these dif-
ferences by quantitatively and qualitatively comparing the outcome of the two tests.
These comparisons may help fine-tune the ASTs over time and can be used to
improve the IEC protocols. This approach can be used to develop tests that would
be acceptable for MHP modules and packaging qualification and safety testing. A
critical component to this test development will be field testing of MHP modules in
the field in different climate zones (to cover the specificities of the different climate
zones in the final international standard protocols). For example, such an effort
combining AST and outdoor field performance of Si PV modules is already under-
way, led by the national renewable laboratory under the Durable Module Materials
(DuraMAT) consortium [147]. They focus on accelerating the development and
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deployment of durable and high-performance materials for PV module packaging to
increase field lifetime and lower the cost of solar-generated electricity. This same
approach could be applied to MHP modules to assess the viability of current test
protocols and/or inform modifications to the test procedures.

In brief, for reliability and durability testing of PV modules, international stan-
dard tests are readily available for module qualification and safety testing. However,
these tests may have to be amended, updated, or adjusted to properly validate the
next-generation thin-film PV modules, such as MHP modules. It requires that novel
approaches to AST protocols attuned to these technologies be explored to, if needed,
adequately update the current standards and successfully qualify the next generation
of PV modules. Some works are underway, namely, the ISOS consensus at lab scale
and SETO’s DuraMAT and PACT projects for developing materials and protocols
for the module’s reliability and durability.

5 Environmental and Health Risks

Most well-performing, highly efficient MHP modules/cells contain a soluble form
of lead in the absorber layer which poses environmental and health risks. Tin (Sn),
cesium (Cs), and chromium (Cr) show potential for a lead-free alternative; however,
these semiconductor material combinations do not perform as well as lead-based
semiconductors [148]. In addition, solvents used for precursor fabrication have tox-
icity risks, but these solvents are essential for the crystallization, nucleation, and
growth dynamics of the MHP film. Worker safety regulations help to minimize
exposure to workers through indigestion, inhalation, or skin contact. It is important
to understand the health risks of MHP PV from its production to its final disposal
and examine materials, processes, and unplanned events that can affect its safety.

When exposed to moisture, lead halide perovskites will degrade and ultimately
form lead iodide (Pbl,). Pbl, is highly soluble with a solubility constant (Ky,) in the
range of 8.3 * 107 to 1.84 * 1078 [149—151]. In high temperatures, such as fire, the
Pbl, oxidizes into PbO and PbQO,, both of which are insoluble in water [152, 153].
PbO powder can be absorbed by the skin and stored in soft tissues. After continual
exposure, lead is absorbed into the bone and teeth where it has an elimination half-
life of 20-30 years.

The US CDC sets upper limits on acceptable Pb blood level, which in the 1960s
was set to 60 pg/dL and has been reduced over the years to the present value of 5 pg/
dL in adults and 3.5 pg/dL for children [154, 155]. In adults, even a level of 5 pg/dL.
can lead to anemia and increased blood pressure, and exposure to pregnant women
could endanger the fetus [156]. Symptoms of lead poisoning generally become notice-
able when blood levels reach 40 pg/dL [157]. Lead is especially dangerous to children
because they absorb lead about 4-5x more than adults due to their hand-to-mouth
tendencies [158]. Blood levels of 5—-10 pg/dL in children cause an interference with
brain development, lowered 1Q, decreased hearing, and stunted growth—with the
impacts amplified as blood levels rise [ 156, 158, 159]. The Institute for Health Metrics
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and Evaluation (IHME) estimates that as of 2019, 62.5% of the world’s intellectual
disability without an otherwise obvious source is caused by lead [160].

The US Department of Labor’s Occupational Safety and Health Administration
(OSHA) enforces safety regulations to provide safe and healthful working condi-
tions for workers [161]. OSHA regulates a wide range of workplace hazards includ-
ing chemical hazards and safe use of equipment [161]. An estimated 1.6 million
workers in the USA are potentially exposed to lead, primarily at construction sites
and manufacturing facilities. Employers must take compliance actions if airborne
lead levels exceed the “action limit” of 30 pm/m?, including medical monitoring,
more stringent worksite controls, and the use of respirators, gloves, goggles, and
other proper personal protection equipment (PPE) [162]. Additionally, if lead dust
or lead-containing materials are present in a workspace, employers must provide
proper PPE and require good hygiene practices, such as regular handwashing and
showering before leaving the workspace. The National Ambient Air Quality
Standards (NAAQS) regulates the ambient air concentration of lead, ozone, carbon
monoxide, particulate matter, sulfur dioxide, and nitrogen dioxide. The maximum
safe lead level in ambient air is defined as 0.15 pg/m?® over a 3-month average [163].
Per the US Environmental Protection Agency (EPA), PV modules are categorized as
a solid waste and are required to undergo waste characterization prior to disposal.
The Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA) of 1980 focuses on the response to a release, or the threatened release,
of hazardous substances that may endanger public health or the environment [150,
164]. A site containing high levels of lead in the soil or groundwater meets criteria
to be deemed a “superfund site” and qualifies for funding to clean up and rehabili-
tate the site. CERCLA assesses potential superfund sites for a variety of contami-
nants, and lead is the most common pollutant. There are currently over 600 recorded
superfund sites, 43% of which have lead contamination [164].

Tin (Sn)- and cesium (Cs)-based halide perovskites appear to be less harmful;
however, they should not be considered a safe and nontoxic alternative. Tin toxicity
is highly dependent on its ionic form. Inorganic tin compounds are expelled from
the body quickly but have been found to be harmful in large amounts. Organic tin
compounds (organotins), which are commonly used in tin halide perovskites, can
cause neurological problems, gastrointestinal symptoms, and respiratory irritation
[165, 166]. Tin halide perovskites can degrade to form SnO, and Snl, [167, 168].
Snl, is highly reactive with water forming SnO, [167], which can cause respiratory
irritation and harm to the aquatic life [169]. Cs-based halide perovskites are attrac-
tive due to their high luminescence quantum yield and excellent thermal stability
[170]. However, Cs can cause burns and severe irritation to the skin upon contact
due to its corrosivity [171]. Inhalation of Cs can result in irritation to the nose,
throat, and lungs which may potentially lead to a buildup of fluid in the lungs [172].
In addition, Cs hydroxide also poses a risk to workers in transport and manufactur-
ing due to its intense reactivity with water which could result in burns, inhalation,
and ignition of other nearby flammable materials [171].

Events that can result in exposure include accidents, disposal, and module break-
age from severe weather or transportation, among others. Accidents during manu-
facturing include accidental spills, inadequate ventilation, lack of safety protocols,
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improper hygiene, and decontamination procedures. Noncompliance with protocols
can lead to skin contact, inhalation, or even ingestion of harmful toxins. Storage and
transportation of modules present risks. Warehouse storing modules pose fire risk
due to the high density of material. Transporting modules present risks of accident,
causing module breakage and potential release of hazardous materials that could
possess skin contact risk for workers. First Solar, the CdTe thin-film manufacturer,
shows that as of 2011 approximately one-third of warranty returns are due to mod-
ule breakage occurring during the shipping and installation process, corresponding
to the return of 0.4% of modules [173].

There are three main exposure pathways of concern: inhalation, ingestion, and
skin contact. Inhalation risks stem primarily from fire smoke, but toxic substances
in dust or other small particles can be aerosolized from burned or broken modules
and cause resultant harm. For some toxic substances, inhalation is the highest-risk
exposure pathway due to increased absorption by the body. Common safety prac-
tices include maintaining proper ventilation, wearing well-fitting masks with suit-
able filters, and restricting nonessential workers from accessing specific areas [174].
Ingestion can occur through several routes including contamination of drinking
water, children’s play areas, or soil used to grow food. Skin contact is an important
exposure pathway for liquid solvents, which can cause skin irritation and burns.
Some chemicals can also be absorbed into the body through the skin, putting one at
risk for both dermal and internal harm. Proper PPE, particularly gloves, is crucial to
prevent exposure through skin contact.

In the case of fires, high temperatures can damage modules and release Pb into
the air or into the water used to extinguish the fire. Conings et al. (2019) fire expo-
sure experiments quantified the percentage of lead released from a MHP module
during a fire [175]. Analysis of nearby surfaces was assessed to determine the
amount of lead carried by the smoke and deposited on surfaces in the vicinity of the
fire. Glass encapsulation mostly absorbed the Pb from the MHP layer, and Pb found
on nearby surfaces was released from the exposed sections of PV modules where
the encapsulation was damaged or destroyed [175].

Leaching can occur when material from the module is exposed to a liquid such
as rainwater, water from extinguishing fires, or soil pore water in the case that the
modules are disposed of in a landfill. The contaminants dissolve into the water
forming ions that leach out of the module through cracks or module edges into
groundwater, soil, or be absorbed by nearby plants. The EPA specifies a Toxicity
Characteristic Leaching Procedure (TCLP) test (Method 1311) under RCRA for
waste characterization [176]. The procedure simulates leaching in a landfill to deter-
mine whether hazardous elements will leach from the waste. There are currently
TCLP limits on eight heavy metals, some of which may be present in MHP mod-
ules. Any material with TCLP analytical results above the regulatory limit is deemed
hazardous waste and must be disposed of in facilities permitted to accept such waste.

The pursuit of lead-free or “low-lead” semiconductors as a safer alternative
would help mitigate the risk of lead release as they may offer a more environmen-
tally safe route to commercialization. However, current challenges in this area
include raising the efficiency and increasing stability of these alternative designs. In
the near term, researchers have proposed and demonstrated the use of polymeric
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materials in the module packaging that bind to free lead in solution preventing
excess leaching and transport [177-180].

5.1 Future Work and Challenges

The commercialization of MHP solar modules is a promising technology for achiev-
ing the US government’s decarbonization goals of 100% carbon-free electricity
generation by 2035 [3]. MHP modules are on the cusp of commercialization with
several research and manufacturing gaps as final barriers. Reproducible deposition
of efficient thin-film MHP solar modules need to be demonstrated at large areas and
rapid processing rates. Characterization methods are needed to monitor the quality
and performance of products coming off of these high-speed production lines.
Validated accelerated test protocols are needed to ensure that modules will survive
in the field in a range of climates and conditions. Outdoor performance validation
studies in a range of climates are needed to demonstrate that testing protocols are
adequate to identify relevant failure and degradation modes. Finally, the safety pro-
tocols for workers need to be established, and the environmental risks associated
with end of life and/or reuse/recycling need to be considered.
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