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ABSTRACT

Solar cell encapsulation literature is reviewed broadly in this paper. Commercial solar cells, such as silicon and thin film solar cells, are typically encapsulated with
ethylene vinyl acetate polymer (EVA) layer and rigid layers (usually glass) and edge sealants. In our paper, we cover the encapsulation materials and methods of some
emerging solar cell types, that is, those of the organic solar cells, the dye-sensitized solar cells and the perovskite solar cells, and we focus on the latter of the three as
the newest contender in the solar cell arena. The PSC encapsulation literature is summarized in a comprehensive table we hope the reader may use as a “handbook”
when designing encapsulation and long-term stability experiments. Some additional functionalities included in encapsulants are also discussed in our paper, e.g.

improving the encapsulants’ optical properties and manufacturing them sustainably from biobased materials.

1. Introduction

Photovoltaics (PV) is a rapidly growing energy production method,
that amounted to around 2.2% of global electricity production in 2019
(Photovoltaics Report - Fraunhofer ISE, 2020). Crystalline silicon solar
cells dominate the commercial PV market sovereignly: 95% of
commercially produced cells and panels were multi- and mono-
crystalline silicon, and the remaining 5% were cadmium telluride
(CdTe), copper indium gallium selenide (CIGS) and amorphous silicon
(a-Si) (Photovoltaics Report - Fraunhofer ISE, 2020). Contenders to the
aforementioned commercial solar cells are for instance organic solar
cells (OSC), dye-sensitized solar cells (DSSC) and perovskite solar cells
(PSC), or so-called emerging photovoltaic techniques, even though it
may be challenging for the other technologies to compete with the peak
Watt price of mainstream crystalline silicon PV modules, that is pres-
ently (April 2021) in the 0.2 $ range (Schachinger, 2021). However,
there is academic and commercial interest to develop the emerging PV
technologies for different application areas where the commercial cells
are not utilized: for instance, the DSC is considered being a good option
for indoor PV applications (Lan et al., 2012), and the PSC is envisioned
to be a good choice for tandem devices with Silicon, because its bandgap
is tunable and can be complementary to that of silicon solar cells
(Jacobsson et al., 2016).

Solar cell (and panel) encapsulation is a critical issue for the good

* Corresponding authors.

long-term performance of those devices. In principle, most active ma-
terials in solar cell are sensitive to e.g. ambient oxygen and moisture, UV
radiation, heat, and even mechanical threats from the environment, and
the active layers need to be protected from those phenomena with
suitable encapsulation. In addition to the protection functionality, solar
cell encapsulation materials need to be transparent on the solar cell side
where light is incident on the solar cells. They need to be low cost and
industrially viable, and sometimes flexibility is a desired property. They
must handle the environmental stresses mentioned above and reach
long-term stability preferably for over 20-year time periods.
Encapsulation has often a direct link to solar cell stability. The most
relevant industrial stability standards for PV modules are issued by the
International Electrotechnical Commission (IEC) and have been sum-
marized in the IEC 61251 standard that entails several detailed and
interconnected accelerated aging tests (Holzhey and Saliba, 2018).
Crystalline silicon modules pass these tests and have shown to offer
25-30 year stabilities (Wilson et al., 2020). It can be assumed that PSCs
and other emerging PV technologies need to pass these tests too, in order
to fulfill the requirements of commercialization and large-scale use.
However, it has been pointed out that the IEC aging tests may not be
suitable for emerging PV technologies since their degradation mecha-
nisms are most likely different from those of silicon PV (Khenkin et al.,
2020). Therefore, PSCs may need to be subject to a modified set of aging
tests, accounting also for PSC specific degradation phenomena,

E-mail addresses: kerttu.aitola@aalto.fi (K. Aitola), peter.lund@aalto.fi (P.D. Lund).

https://doi.org/10.1016/j.solener.2022.03.060

Received 13 April 2021; Received in revised form 4 October 2021; Accepted 22 March 2022

Available online 8 April 2022

0038-092X/© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Solar Energy Society. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:kerttu.aitola@aalto.fi
mailto:peter.lund@aalto.fi
www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2022.03.060
https://doi.org/10.1016/j.solener.2022.03.060
https://doi.org/10.1016/j.solener.2022.03.060
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2022.03.060&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Aitola et al.

originally proposed at the International Summit of Organic PV stability
(ISOS) in 2011 for OPV cells. The set of stability testing protocols has
been published as article “Consensus statement for stability assessment
and reporting for perovskite photovoltaics based on ISOS procedures”
(Khenkin et al., 2020). The unique PSC degradation phenomena could
also affect the encapsulation approaches used with the technology.

In this paper, we review the literature on the encapsulation of
commercial solar cells (Si, CdTe, CIGS, a-Si) and some emerging PV
technologies, namely the PSC, DSSC and OSC. We hope that this review
can provide a reference source for improved designing, utilizing, and
developing of solar cell encapsulation of especially PSCs, as the newest
contender in the field.

2. Functionalities linked to solar cell encapsulation

In the “Consensus statement for stability assessment and reporting
for perovskite photovoltaics based on ISOS procedures”, [PSC] encap-
sulation is defined as the protection of solar cells by gas-barrier materials
that “delays contact between the cell and ambient air (especially mois-
ture)” (Khenkin et al., 2020). As types of different encapsulation
methods/configurations, the authors list glass-glass encapsulation,
lamination of rigid or flexible materials, direct deposition, or a combi-
nation of these. The authors do not include “stress tests specific to
encapsulated modules”, such as hail tests and potential induced degra-
dation, in their consensus statement, and state that these might be
leveraged from the existing IEC 61215 standard in the future.

In general, there are several functionalities that are required from
solar cell (PV module) encapsulation materials. According to Hasan
et al., an encapsulant should provide protection toward moisture and
other foreign impurities, as well as fortification from mechanical dam-
age, and it should also act as an electrical insulator between the cells, the
interconnects and the other module components, and bind the cell
components together (Hasan and Arif, 2014). In addition to those
properties, there are several other ones, of which some are obvious, such
as transparency (>90%) on the side where the light is incident on the
solar cell, chemical inertness toward the solar cell active materials, good
adherence on the substrate, cost-effectiveness, industrial viability, me-
chanical durability toward mechanical environmental threats e.g. hail
storms, and stability at high temperatures of >80 °C and high light in-
tensities, including UV light. Some encapsulation requirements on the
other hand are less obvious and they are addressed in the following.
Some desired properties are for instance high dielectric breakdown (the
electrical breakdown voltage for the insulator), high volume resistivity
(term describing the electrical resistivity of a plastic material), and
matching refractive index with the solar cell active materials (Aristidou
et al., 2015). The encapsulant material must have suitable thermal
expansion properties. Its oxygen transmission rate (OTR) and water
vapor transmission rate (WVTR), that represent the rates at which ox-
ygen and water vapor, respectively, are transmitted through the
encapsulant material, must be adequately low. Jakaria et al. listed OPV
encapsulation material requirements that are summarized in Table 1
(Ahmad et al., 2013).

3. Perovskite solar cells

Perovskite solar cell (PSC) is an emerging photovoltaic technology
with a striking 25.5% laboratory scale power conversion efficiency
(PCE) (NREL, 2020), that has been achieved in less than ten years of
research (Jeon et al., 2015; Lee et al., 2012; NREL, 2020). The “perov-
skite” refers to the hybrid organic-inorganic perovskite absorbers with
the perovskite crystal structure ABXs, where A is typically methyl-
ammonium (MA™), formamidinium (FA") or Cs™ anion, B is pb%* cation,
and X isI', Br or Cl” anion. The perovskite absorber has most commonly
an octahedral lead halide (PbXg) scaffold with the organic or Cs™ cations
occupying the “interstitial” space, with the tetragonal crystal structure
being the most optimal from the photovoltaic point of view, see Fig. 1.
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Table 1
Specifications and requirements for OPV encapsulant materials. Reprinted from
Ref (Ahmad et al., 2013).

Characteristics Specification or requirement
WVTR 10710 gm 2 day!
OTR 1073-107° cm® m 2 day ! atm™!

Glass transition temperature (Tg)

Total hemispherical light transmission
over the wavelength range from 400 nm
to 1100 nm

Hydrolysis

Water absorption

Resistance to thermal oxidation

Mechanical creep

Tensile modulus

<—40 °C (during winter in deserts)
> 90% of incident light

None (80 °C, 100% RH)

< 0.5 wt% (20 °C/100% RH)
Stable (up to 85 °C)

None (90 °C)

< 20.7 MPa (<3000 psi) at 25 °C
No reaction (with embedded Cu
coupons at 90 °C)

None (>350 nm)

None (80 °C, 100% RH)

Chemical inertness

UV absorption degradation
Hazing or clouding

Fig. 1. The octahedral perovskite crystal structure. Reprinted from Ref (Green
et al., 2014). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

The original breakthrough research published in 2012 was carried
out with the methylammonium lead iodide (MAPbI3) perovskite
absorber, combined with a mesoporous TiO5 electron contact and a
2,2',7,7 -tetrakis(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene
(Spiro-OMeTAD) hole contact (Kim et al., 2012; Lee et al., 2012), but
since then several other perovskite compositions and contact materials
have been suggested, that are discussed in the following chapter. The
perovskite absorbers employed in the solar cells have several attractive
optoelectronic properties. They exhibit optimal and tunable band gaps
to the solar spectrum, high absorption coefficients, long electron diffu-
sion lengths (over 1 um), high charge mobilities, meaning that thin films
(in the 100 nm thickness range) can be utilized in the cells and low
exciton binding energies (Roy et al., 2020). The PSC is also based on very
cost-effective starting materials, it can be manufactured with low-
temperature liquid processes that could be upscaled easily to indus-
trial scale processes, and it can be prepared flexible, which offers in-
dustrial advantages, such as possibilities for roll-to-roll production and
several application areas, e.g. in building integration and in portable,
lightweight energy sources. There are downsides to the technology too:
the perovskite absorbers are quite sensitive toward e.g. atmospheric
water and oxygen and lead is a toxin whose industrial handling is
problematic, even though the amount utilized in an individual cell is
small (few hundred milligrams in a square meter of a solar panel)
(Babayigit et al., 2016).

The original PSC stack consisted of FTO glass/dense TiOz/meso-
porous TiOz/MAPbI3/Spiro-OMeTAD/metal contact layers (the so-
called “nip” structure, shown in Fig. 2) but different “mixed”
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Fig. 2. The original PSC stack with MAPbI; perovskite light absorber and its electron micrograph, reprinted from (Lee et al., 2012).

perovskite composite formulations have been used, such as for-
mamidinium lead iodide:methylammonium lead bromide (FAPbI3) gs.
MAPDBr3)g.15 compositions (Jeon et al., 2015; Pellet et al., 2014),
CSO.5(MA0~17FA0‘33)0.95Pb(10.33B1’0.17)3 (Michael Saliba et al., 2016) and
the Rb-containing version of the latter (M. Saliba et al., 2016), that have
better light absorption and long-term stability properties than the
MAPbDI;3 perovskite. Csg.17FAg.g3Pblg g3Bro.17 has been proposed to be
suitable for PSC-SSC tandems with its bandgap of 1.63 eV and even more
stable than the aforementioned perovskites (Kamino et al., 2019), and
the recent ultrahigh published PSC PCE of 24.8% was obtained with
MAClI-stabilized FAPbI3 (Jeong et al., 2020; M. Kim et al., 2019) — results
that elucidate that scientific consensus on the “best” perovskite
composition is yet to be achieved. In addition to the nip structure with
the mesoporous TiOy contact, the PSCs can be manufactured with
mesoporous non-conducting Al,O3 “scaffold” layer on a dense TiO3 layer
(Zhang et al., 2015), and in the so called “planar” configuration with
planar bottom contact layers such as SnO, (Jiang et al., 2018). Also
planar “pin” structures (e.g. NiOx/MAPbIs/fullerene configuration)
have been suggested (Jeng et al., 2014).

Several alternative contact materials to TiO and Spiro-OMeTAD
have been successfully employed, such as solution processed SnO»
(Jiang et al., 2018), evaporated fullerenes (Wojciechowski et al.,
2015a), and fullerene derivatives such as [6,6]- phenyl Cg;-butyric acid
methyl ester (PCBM) as alternative electron-selective contacts, and NiOx
(Jeng et al., 2014), poly(triaryl)amine polymer (M. Saliba et al., 2016)
and self-assembled molecular layers (e.g. ([2-(9H-carbazol-9-yl)ethyl]
phosphonic acid)) (Al-Ashouri et al., 2019) as hole-selective contacts.
Lead-free perovskites based on tin (Shao et al., 2018) and bismuth (Park
et al.,, 2015) have been reported, but with lower efficiencies and sta-
bilities than the Pb-based perovskites.

The perovskite layer is typically manufactured via a one-step solvent
engineering process (Jeon et al., 2014), where the precursor solution is
first spin coated on the TCO glass substrate and so-called antisolvent is
applied on the spinning precursor layer, resulting in an “intermediate
phase” perovskite layer, followed by annealing at around 100 °C, that
yields the final photoactive perovskite phase. Also 2-step methods are
widely employed, in which a Pbl; film is in dipped in a MAI solution and
annealed thereafter (Bi et al, 2014). Up-scalable manufacturing
methods such as slot die coating (Vijayan et al., 2020), blade coating
(Vijayan et al., 2020) and evaporation (Liu et al., 2013) have been
demonstrated.

3.1. Stability issues of perovskite solar cells

PSC stability has been considered to being one of the greatest hurdles
that must be overcome before commercialization the solar cell type.
There are several complex stability issues related to the solar cell type, of
which some are presented in this chapter.

One of the main PSC stability issues is perovskite absorber instability
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toward ambient water vapor (Yang et al., 2015): when MAPDbI3 perov-
skite is exposed to water vapor it decomposes into Pbl, and MAL On the
other hand, also oxygen vapor combined with light is harmful to the
MAPDI; perovskite (superoxide O™ is created when photoexcited elec-
trons in the perovskite interact with molecular oxygen, and the super-
oxide reacts with the methylammonium moiety in the perovskite,
causing decomposition and degradation) (Aristidou et al., 2015).
MAPDI3 perovskite undergoes an undesired tetragonal-to-cubic phase
transition at around 55 °C (Baikie et al., 2013), which affects its light
absorption adversely, and it is chemically unstable at temperatures of
around 85 °C, due to MA ion volatility (Conings et al., 2015; Dualeh
et al., 2014). It has however been found that the so called “mixed ion
perovskites”, such as (FAPbI3) gsMAPbBr3)g 15 (Jeon et al., 2015; Pellet
etal., 2014), and the Cs- (Michael Saliba et al., 2016) and Rb-containing
(M. Saliba et al., 2016) versions of it, are more stable toward high
temperature effects owing to the so-called entropy of mixing.

It has also been observed that ion (iodide vacancy) migration in a
functioning PSC causes not only undesired hysteretic IV performance
but also erosion of the perovskite crystal in the long run and therefore
perovskite film defect management is of utmost importance from long-
term stability point of view (Lee et al., 2019). On the other hand, pho-
toinstability of e.g. the mixed perovskite MAPb(Bryl(1.x))3 results in
reversible creation of iodide rich domains (Hoke et al., 2015), whose
long-term behavior in a solar cell is however unknown.

Another stability touching stone has been the PSC selective contact
materials. The ubiquitously utilized Spiro-OMeTAD forms unwanted,
large crystalline domains at over 60 °C temperatures (Malinauskas et al.,
2015; Matteocci et al., 2016) and allows ions from the metal contact to
migrate through the cell, rendering it un-operational (Domanski et al.,
2016). On the other hand, the “standard” electron contact TiO3 is pho-
tocatalytic under UV light, which has been suggested to cause stability
issues for PSCs (Leijtens et al., 2013). You et al. proposed that the
electron contact SnOs offers improved stability compared to TiOo; even
though SnO; is also photocatalytic (to a lower degree than TiO3), and
indeed better PSC stabilities have been reported with the contact ma-
terial (Jiang et al., 2018). The conductive polymer poly(triaryl amine
yielded impressive stability results when combined with Rb-containing
perovskites (M. Saliba et al., 2016), as well as the inorganic hole
conductor CuSCN (Habisreutinger et al., 2014a). Different carbon
nanomaterials such as fullerenes (Wojciechowski et al., 2015b), carbon
black (Baranwal et al., 2019; Li et al., 2015; Rajamanickam et al., 2016),
and carbon nanotubes (Aitola et al., 2017; Habisreutinger et al., 2014a)
have yielded good stability results. TiO, and Spiro-OMeTAD contacts
have however produced some of the highest PCEs to date, meaning
replacing them in the high PCE PSCs requires more research on the
contact materials. The recently published 24.8% PCE was obtained with
hydrophobic, fluorinated Spiro-OMeTAD derivatives, that resulted in
50% RH “storage” test of un-encapsulated cells, compared to the sta-
bilities of the cells with Spiro-OMeTAD contacts (Jeong et al., 2020).
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4. Encapsulation of commercial solar cells
4.1. Silicon solar cell encapsulation

Crystalline silicon PV modules are typically encapsulated via sand-
wiching the cells between a top glass sheet and a polymeric encapsulant
layer, and a second layer of encapsulant and a polymeric backsheet, see
Fig. 3a) for a schematic image. Fig. 3 depicts also the substrate (a) and
superstrate-type (b) of thin film solar cell encapsulation and
manufacturing schemes, that are discussed in Chapter 4.2. In addition, a
polyisobutylene edge sealant (Lange et al., 2011) and an aluminum
frame is applied around the module (Cattaneo et al., 2014). Currently
the most common polymeric encapsulant material in commercial silicon
solar modules is ethylene-vinyl acetate (EVA) (Kempe, 2011; Peike
etal., 2013). EVA is applied to a silicon module as a film via a lamination
process that consists of three main steps: 1) heating the encapsulant
homogeneously to ensure homogeneous curing of the encapsulant, 2)
applying vacuum to remove air bubbles and unwanted impurities, and
3) applying pressure to ensure proper surface contact and adhesion
between the encapsulant and other parts of the module. All of the 3 steps
are carried out with different temperature, pressure and time, that may
affect the properties of the PV module, and therefore finding optimal
applying parameters for each encapsulant is crucial for PV module
manufacturers (Lange et al., 2011).

EVA was originally chosen as the encapsulant material for com-
mercial solar modules due to its adequate chemical and physical prop-
erties relative to low cost and good processability (Czanderna and Pern,
1996). Since cost is a key factor in photovoltaic systems and their real
life applications, it is very challenging for an alternative material to
replace EVA as the “standard” encapsulant (Goodrich et al., 2013). EVA
however has multiple negative properties. For instance, it is prone to
discoloring (turning yellow/brown) resulting in decreased light-
transmittance, and therefore reduced solar cell power output (Czan-
derna and Pern, 1996; Rajput et al., 2019). Its water vapor transmission
rate (WVTR) is rather low compared to that of some other proposed
encapsulants (Cattaneo et al., 2014), but on the other hand, its water
diffusion rate is high, causing potentially significant degradation over
module lifetime (Kempe, 2006). One EVA degradation mechanism is the
decomposition of the vinyl acetate (VA) group of the polymer into acetic
acid, resulting in discoloration (Adothu et al., 2019; Cattaneo et al.,
2014; Czanderna and Pern, 1996; Patel et al., 2020), that may happen
when EVA is exposed to water or UV-radiation (Cattaneo et al., 2014;
Czanderna and Pern, 1996). The resulting acetic acid may also cause
electrical contact corrosion (Kraft et al., 2015). Besides causing EVA
decomposition, water ingress degrades the solar module by causing
delamination and corrosion on the metallic contacts (Dechthummarong
et al., 2010). Poor adhesion of the encapsulant has been reported to
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increase the water ingress of the encapsulant (Adothu et al., 2019;
Kempe, 2011). A recently recognized failure mode of PV modules is the
potential induced degradation (PID), that appears as leakage current
through the encapsulant and the glass substrate/superstrate, because of
a potential difference between the solar cells and the grounded metallic
frame of the PV module. Due to the increasing system sizes, PID has
become a significant failure mode of PV modules and the electrical re-
sistivity of the encapsulant has become ever more important.(Lopez-
Escalante et al., 2016) It has been speculated that PID has always been a
form of degradation, but only with modern measurement technology it
has been noticed.

The aforementioned negative qualities of EVA have been overcome
by using additives, such as UV absorbers and adhesion promoters, but
these additives can also degrade and cause further degradation of the
solar module, such as encapsulant discoloring and delamination (Ado-
thu et al., 2019; Czanderna and Pern, 1996). A polymer crosslinker can
be added to the encapsulant in order to increase its adhesion on the
silicon layer. Crosslinking is generally thought to increase the quality of
the encapsulant, but during the crosslinking unwanted byproducts can
be formed into the encapsulation layer (Adothu et al., 2019). These
impurities can cause defects in the encapsulant, that reduce the PCE
and/or the lifetime of the module. The crosslinker should be activated
either thermally, chemically or with UV light. The activation of the
crosslinker causes an extra step in the manufacturing process that adds
to the production costs of the PV modules. Often the used crosslinker is
thermally activated in temperatures greater than the melting point of
the encapsulant (Gawlinska et al., 2018; Hirschl et al., 2013), that can
cause cracking and displacement of the cells due to mismatch of the
thermal expansion coefficient between the cell and the super- or the
substrate (Dietrich et al., 2010).

Before EVA became the dominant encapsulant, polyvinyl butyral
(PVB) and polydimethylsiloxane (PDMS) were commonly used as silicon
solar panel encapsulants (Czanderna and Pern, 1996; Kempe, 2011). In
terms of properties, PVB has some clear advantages over EVA, such as
good adhesion without crosslinking and fast processing time (Peike
et al., 2013). Disadvantages of PVB include high water vapor trans-
mission and absorption rates and poor electrical resistivity (called
typically “volume resistivity” in this context) (Kempe, 2011; Swonke
and Auer, 2009). PVB has roughly 100 times smaller volume resistivity
than EVA and the resistivity is decreased even further when PVB has
absorbed water (Kempe, 2011). PVB has also been reported to degrade
faster than EVA during accelerated UV aging (Kempe et al., 2009).
Recently, PVB has however emerged once again as a potential encap-
sulant due to its good UV light transparency and better UV light stability
compared to that of EVA’s (Peike et al., 2013) and relatively low cost.
Since PVB has high WVTR, the used sub- and superstrates of the PV
module need to exhibit good resistance against moisture ingress to

ic)
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Fig. 3. Schematic image of a) silicon PV module encapsulation, b) substrate type thin film PV module encapsulation, and superstrate-type thin film PV module

encapsulation, reprinted from (Peike et al., 2013).
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compensate for this weakness. PVB is the second most used encapsula-
tion material in PV modules (Peike et al., 2013) and it is commonly used
commercially in building integrated photovoltaics, such as solar win-
dows and facades (Cattaneo et al., 2014; Yang et al., 2017).

PDMS was one of the first encapsulation materials used for PV
modules (Kempe, 2011). PDMS and other silicon based encapsulants
have interesting properties as an encapsulation layer (see below),
although the price of these encapsulants is noticeably higher than that of
other encapsulants, such as EVA and PVB (Hasan and Arif, 2014). PDMS
encapsulants have been reported to withstand UV radiation with mini-
mal losses in light transmittance (Kempe et al., 2009), because the
polymer chain contains Si-O bonds that are a main factor in the UV
resistance of these encapsulants (Kempe, 2011). Light transmittance of
PDMS is also generally higher compared to that of other commercial
encapsulants. This is partially due to the fact that PDMS does not need
additional UV absorbers, since decomposition of bonds due to UV irra-
diance is not common for PDMS (Kempe, 2011). PDMS-based encapsu-
lants require however crosslinking to ensure good adhesion on a
substrate. Even though the crosslinking process can cause unwanted
impurities in the encapsulation layer, crosslinking creates chemical
bonds that are more resistant against humidity (Kempe, 2011). In
principle PDMS has a high WVTR compared to the other encapsulants,
but because it is a hydrophobic material, the amount of water absorbed
in practice is low (Swonke and Auer, 2009).The downsides of PDMS are
high cost and relatively difficult processing. Unlike the other encapsu-
lants discussed here, PDMS is applied as a two-part resin rather than a
foil, and because of this, PDMS-based encapsulants require special
equipment, meaning additional investments in the PV production line.

A fairly new candidate to replace EVA is thermoplastic polyolefin
(TPO). TPO adheres well on many different substrates without cross-
linking, meaning low production costs and eliminating potential
byproducts caused by a crosslinking process (Adothu et al., 2019;
Kempe, 2011; Lopez-Escalante et al., 2016). TPO has also been reported
being very resistant toward creep, which is a common failure mode for
thermoplastic (non-crosslinking) encapsulants (Kempe et al., 2016;
Miller et al., 2010). Also, TPO conserves its light transmittance better
than EVA during light exposure (Lopez-Escalante et al., 2016), and its
discoloration rate is around nine times slower than EVA when exposed
to UV radiation (Adothu et al., 2019). TPO has low WVTR relative to
other potential encapsulation materials and its volume resistivity is very
high (Lopez-Escalante et al., 2016). Its price and lamination procedure
are similar to that of EVA’s (Adothu et al., 2019), meaning that no large
investments in production facilities would be required in order to switch
to TPO (Lopez-Escalante et al., 2016), and therefore TPO has seen a lot
of academic interest in the past years.

A rare but cost-efficient encapsulant material for PV modules is
thermoplastic polyurethane (TPU). TPU is generally applied without a
crosslinker, but it suffers from creep and displacement when compared
to the other non-crosslinking encapsulants (Miller et al., 2010). This
could be overcome by introducing a crosslinker to the encapsulant,
however, one of the major advantages of TPU over EVA is the elimina-
tion of the crosslinker. The TPU monomer contains an ester bond that is
hydrolytically unstable and the breaking this bond leads to a decrease of
viscosity, that in return can cause delamination and creep of the
encapsulant (Kempe, 2011). TPU has similar light transmittance and
degradation rate as EVA and both of these materials have similar volume
resistivity (Kempe, 2011; Kempe et al., 2009). Since TPU does not have
any significant advantage over EVA, TPU is not a very likely candidate to
replace EVA as the dominant encapsulation material for commercial PV
modules.

Another group of encapsulation materials in the photovoltaic in-
dustry are ionomers. Especially ethylene ionomers exhibit properties
that are suitable for encapsulating PV modules: ionomers are able to
withstand thermal and UV stress and their volume resistivity is high
(Cattaneo et al., 2014). Their WVTR is very low (Nagayama et al., 2020)
and they are typically employed without a crosslinker. Their light
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transmittance is also very high and their discoloring rate is lower
compared to that of the other common encapsulation materials, such as
EVA’s (Tracy et al., 2020). On paper, ionomers may seem like an ideal
candidate for an encapsulation material, but since they are not
commonly used in PV applications, research on their durability is
lacking. According to a recent study, the adhesion energy of ionomers
decreases quickly when exposed to UV radiation (EVA had twice as large
adhesion energy as the used ionomers before aging) (Tracy et al., 2020).
Currently ionomers are also a relatively expensive option for an
encapsulation material and PV modules encapsulated with them would
have to have exceptional durability in order to compete in the industry
(Hasan and Arif, 2014). Nonetheless, academic interest on ionomer
encapsulants has increased in the recent years (Hasan and Arif, 2014;
Tracy et al., 2020).

The main observations from silicon PV module encapsulation
include:

e EVA and glass are industrially established encapsulation materials
that are applied with a lamination procedure utilizing heat, vacuum
and pressure;

e TPO is an interesting and cost-efficient alternative to EVA;

e PDMS and ionomers are promising but so far expensive options.

4.2. Thin film solar cell encapsulation

Thin film solar cells are an established alternative PV technology, the
most important of those being cadmium telluride, copper indium gal-
lium diselenide and amorphous silicon (a-Si:H). In 2019 the global in-
stallations of thin film solar cells amounted to 5.7 GW,, for CdTe, 1.6
GW,, for CIGS and 0.2 GW, for a-Si (out of a 5% total PV market share)
(Photovoltaics Report - Fraunhofer ISE, 2020). Thin film technologies
allow manufacturing of flexible cells, but flexible cell types have not yet
gained a lot of commercial popularity. All the above mentioned three
thin film solar cell types are, as silicon solar cells, usually encapsulated
with EVA and glass back- or frontsheets, but alternative methods have
also been suggested.

CdTe solar cells, that dominate the thin film market, are typically
manufactured on a TCO glass superstrate via a vapor transport proced-
ure and they are typically encapsulated with EVA and a glass backsheet,
resulting in glass-glass encapsulation (Fig. 3c¢) (Fthenakis et al., 2020).
Some alternative encapsulation methods have been demonstrated. For
instance CdTe cells with a multilayer encapsulant comprising of sput-
tered oxide and acrylate-based polymer survived a 1000 hr 60 °C/90%
RH damp-heat test in environmental chamber, with a 15% drop in PCE
(it should be mentioned that CIGS solar cells, that were also included in
the study, fared better in the same test) (Olsen et al., 2005). Luminescent
down-shifting dyes incorporated in the EVA layer covered with a fluo-
rinated ethylene propylene (FEP) front sheet was shown to improve
CdTe cells’ short-circuit current (Parel et al., 2015; Ross et al., 2014), see
Fig. 4 for a schematic of a CdTe cell in which the FEP layer was employed

FEP
(0.127mm)

EVA — |
(0.5 mm)

Soda lime glass
(3.2mm)
TCO
(500 nm
cds - I
(~150 nm)
Rear Contact
(Mo)

Fig. 4. A schematic image of an CdTe cell encapsulation concept, in which
luminescent the EVA layer is doped with luminescent down-shifting dyes and
fluorinated ethylene propylene sheet is used as the front cover, reprinted from
(Parel et al., 2015; Ross et al., 2014).
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in place of the typical front glass sheet. It was also found, that in the case
of a fire, the resulting molten glass matrix contained most of the toxic Cd
(99.5%) and prevented its leak to the environment, meaning that glass-
glass-encapsulation is a good option with toxic solar cell materials from
fire safety point of view (Fthenakis et al., 2005).

CIGS solar cells are usually manufactured by sputtering or evapo-
ration on a glass substrate and the cells are normally encapsulated with
EVA and a glass frontsheet (Fig. 3b). It has been observed that EVA
causes compressive stress on the CIGS cell due to EVA’s thermal
expansion in the lamination process, depending on the EVA gel content
(cross linking), that on the other hand depends on the temperature and
the pressure in the lamination process, causing PCE loss (Xu, 2017).
CIGC cells with a Tedlar/PET/Al foil/Tedlar backsheet with 0.001 g m ™2
d! WVTR performed as well as EVA and glass backsheet-encapsulated
cells in a 50 h 85 °C/85% RH damp-heat aging test, in a comparative
study conducted with different polymer backsheets (Sundaramoorthy
et al., 2010). A 55 nm thick ALD-grown Al,O3/epoxy/Teflon structure
was found to function as well as epoxy and glass backsheet in a com-
bined 1000 h 85 °C/85% RH and light soaking test, with only a minor
drop in cell PCE for both encapsulation types (Carcia et al., 2010).
Flexible CIGS cells with a flexible multilayer AlOx and unnamed poly-
mer on PET/PEN substrate encapsulant laminated on both sides of the
cell survived a damp heat test 85 °C/85 %RH with less than a 10% drop
in PCE (Olsen et al., 2008).

EVA and glass backsheets are also the most typical lamination ma-
terials of rigid a-Si cells manufactured typically via chemical vapor
deposition on a glass substrates (Fig. 3b) (Arya and Carlson, 2002;
Green, 2007; Osayemwenre and Meyer, 2014), also EVA and aluminum
film backsheet has been reported in the literature (Myong et al., 2014).
Cells laminated with EVA and Tedlar film or polyolefin (polyisobutylene
as the main polymer chain) layer deposited in liquid form survived
extensive aging testing, including a 2000 h test at a 2.5 atmospheres
pressure, 127 °C temperature and 80% RH (Hayashi et al., 1994).
Flexible a-Si cells with polyester and nylon film superstrates with
different encapsulants, e.g. EVA, all failed long-term stability experi-
ment (Pern and Glick, 2000). UV-curable hyperbranched polymer and
silica nanoparticle composite with a moth-eye pattern as an

Fig. 5. SEM images of the moth-eye pattern of used as antireflective coating of
a-Si cells. a)-c) the nickel master of the structure, d)-f) the structure in a
hyperbranched polymer, g)-i) the structure in a hyperbranched polymer-silica
composite. Reprinted from (Gonzalez Lazo et al., 2015).
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antireflective coating on the front glass reduced light reflectance of the
front glass substrate from 8% to 4% (Gonzalez Lazo et al., 2015), see
Fig. 5.

The main observations from thin film solar cell encapsulation are the
following:

e EVA & glass back- and frontsheets are the most used encapsulation
materials in thin film solar cells;

e Different multilayer structures containing e.g. polymers are prom-
ising alternative encapsulants;

e Added functionalities in encapsulants may improve e.g. the optical
properties of the solar cells;

e (Molten) glass matrix contained most of the toxic Cd of CdATE cells in
a fire.

5. Encapsulation of emerging solar cells
5.1. Organic solar cell encapsulation

Organic solar cells (OSCs) use small organic molecules and conduc-
tive organic polymers for light absorption, charge separation and charge
transport. The molecules employed in OSCs are solution-processable and
cheap, and the advantages of OSCs are mechanical flexibility and low-
cost fabrication (Bazaka et al., 2017a; Nelson, 2011). High PCEs have
been demonstrated for OSCs in the recent years. The PCE record of a
single junction OSC with the structure of glass/ITO/PEDOT:PSS/PBDB-
TF:NFA/PFN-Br/Al reached 17.8% (17.3% certified) (Cui et al., 2020),
and a tandem OSC fabricated with the structure of ITO/ZnO/PFN-Br/
PBDB-T:FM/M-PEDOT/ZnO/ (PTB7-Th:06T-4F:PC7;BM or PTB7-Th:
06T-4F)/MoO3/Ag had a 17.4% PCE (17.3% certified) (Meng et al.,
2018). The typical OSC materials degrade rapidly when exposed to
ambient oxygen and water (Topolniak et al., 2017), and OSCs have only
passed accelerated aging tests of several thousand hours so far (Gian-
nouli et al., 2015), which is a key issue preventing their large-scale
commercialization. To overcome this problem, a lot of scientific effort
has been directed into developing encapsulation techniques of OSCs to
reach adequate long-term stabilities (Lee et al., 2013). Effective and
cheap encapsulation of OSCs is one of the best ways to prevent moisture
and oxygen ingress into the devices and to achieve a long lifetime and
also successful commercialization (Uddin et al., 2019).

Rigid encapsulation strategies, such as encapsulating an OSC pre-
pared on a glass superstrate with a frame shaped thermosetting epoxy
sealant and an aluminum backplate, have been demonstrated (Krebs,
2006), but because flexibility is an important parameter for commercial
OSC applications (Juillard et al., 2018), different flexible encapsulation
structures have also been demonstrated, such as single layer (e.g. EVA,
inorganic materials) and multilayer thin film encapsulants (Ahmad
et al., 2013). Channa et al. employed a perhydropolysilazane / acrylic
adhesive multilayer structure as the the OSC encapsulant, and the cell
retained 71% of its initial PCE in an ambient light soaking test (Channa
etal., 2019). Cros et al. suggested that a barrier material with a WVTR of
1072 gm~2day ! is sufficient to protect OSCs against atmospheric agents
for several thousand hours in an accelerated aging test, corresponding to
several years in real life outdoor conditions (Cros et al., 2011). They
proposed a multilayer encapsulant with the structure of polypropylene/
polyvinyl alcohol/inorganic layer/polyethylene, that had a WVTR of
9x10~2 gm~2day . After 4 months of aging (at 38 °C, 100% RH and
under continuous illumination of 100 mW/cmz), the structure main-
tained the criterion, i.e. a total of 1 g m~2 of water had diffused across
the encapsulant structure, although the studied cells’ PCE had dropped
to 50% of the original PCE, in the relatively harsh conditions of the aging
test. Kovrov et al. showed that commercial and novel acrylic monomers
combined with polymeric additives had a high adhesion to a SiOx-PET
back encapsulant sheet, and good compatibility with the OSC active
layers, as well as good barried properties (Kovrov et al., 2020). The cells
retained 60% of their PCE in a 1200 h light soaking test. Lee et al
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demonstrated a UV curable epoxy encapsulation on OSCs with an
additional ZnO buffer layer, with which the OSCs suffered a 20.5% drop
in their PCEs in a 636 h ambient storage experiment (Lee et al., 2013).

Different evaporation methods are commonly empoloyed in
manufacturing thin film encapsulant layers onto OSCs. Jeong et al.
realized a washable textile-based OSC, that was encapsulated with a
polymer capped alternating Al,O3/ZnO multilayer structure deposited
by ALD, and achieved a stability of over 30 days, with periodic washing
(20 x 10 min washing cycles) of the cells (Jeong et al., 2019). Li et al.
reported that un-encapsulated OSCs degraded rapidly when exposed to
ambient air, but there was no PCE loss even after 3600 h in an ambient
storage test, when the OSCs were encapsulated with a thin film manu-
factured from hexamethyldisiloxane and oxygen by plasma-enhanced
chemical vapor deposition (PECVD) (Li et al., 2013). The resulting
encapsulant film had high optical transmission of > 90% in the visible
light region, and a low WVTR of 3.6 x 10 %gm~2day .. y-terpinene was
also deposited by PECVD and it improved the cells’ storage stability
(Bazaka et al., 2017b). Chen et al. encapsulated OSCs with a bilayer of
poly(divinylbenzene) (PDVB) and cerium (IV) oxide by initiated chem-
ical vapor deposition (Chen et al., 2015). The solar cells were subjected
to a dark storage test at 40 °C in ambient air, in which the un-
encapsulated OSCs showed an average half-life of 20 h and the encap-
sulated OSCs a 5-fold improved half-life.

The main observations from OSC encapsulation are the following:

e The materials and methods of OSC encapsulation may be compatible
with PSCs, since the cell types may e.g. utilize same contact
materials;

e It is possible to create washable OSCs with an inorganic multilayer
structure encapsulant;

e Very low WVTR of 3.6 x 10 %¢gm~2day ! can be achieved with a
hybrid organic-inorganic single layer deposited by CVD.

5.2. Dye-sensitized solar cell encapsulation

Dye-sensitized solar cells (DSSCs) have experienced substantial
performance and long-term stability improvements since the first pub-
lication by O’Regan and Gratzel in 1991 (O'Regan and Gratzel, 1991).
The advantages of DSSCs include low-cost of starting materials and easy
manufacturing methods, that could be upscaled to large-scale industrial
roll-to-roll deposition processes (e.g. screen printing, inkjet printing)
(Hashmi et al., 2016; Jung et al., 2018; Mariani et al., 2015), good
performance in low intensity light conditions (Freitag et al., 2017),
possibility to produce flexible and light-weight devices, and versatility
regarding the color and transparency (Hagfeldt et al., 2010; Huaulmé
et al., 2020). On the other hand, a possible disadvantage of DSSCs is that
the most efficient devices to date are based on liquid electrolytes
(Kakiage et al., 2015; Mathew et al., 2014), that cause unique stability
issues for the cells (Asghar et al., 2010) and make their encapsulation an
important and challenging task (Boschloo, 2019; Desilvestro et al.,
2010). To overcome the liquid electrolyte-related issues, many studies
have been conducted to develop solid-state (Benesperi et al., 2018) and
quasi-solid-state DSSCs (Federico Bella et al., 2016; Yun et al., 2016),
although the stability of solid-state DSSCs depends also on adequate
encapsulation.

The main types of DSCC edge sealing and encapsulation materials
include thermoplastic polymers (Duan et al., 2015; Wang et al., 2006),
elastomeric polymers (Kang et al., 2015; Yuwawech et al., 2018, 2017),
UV-curable adhesives (Cao et al., 2018; Chiang et al., 2015; Kawata
et al., 2015), and glass frits (Ivanou et al., 2016; Lee et al., 2011; Ribeiro
et al., 2012; Sastrawan et al., 2006a). Thermoplastic polymers such as
Surlyn® and Bynel® (Dow Inc.) are the most widely used materials to
seal laboratory scale DSSCs (Desilvestro et al., 2010; Sharma et al.,
2018). Surlyn® 1702 is an ethylene and methacrylate acid copolymer
with a melting point of 93 °C, and Bynel® 4164 is a low-density poly-
ethylene maleic anhydride-modified resin with a melting point of 127 °C
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(Dow Chemical Company, 2019a, 2019b; Visco et al., 2019). One issue
related to the thermoplastic edge sealants is their relatively high WVTR
values. For instance, a 50 pm thick Bynel foil hasa 1 gm~2 d! WVTR (De
Rossi et al., 2016), while Surlyn exhibits an around 11 g m 24! WVTR
(Lertngim et al., 2017), which can also contribute to the degradation of
devices (De Rossi et al., 2016). Fig. 6 shows a schematic image of a DSSC
sealed with thermoplastic polymer.

Advantages of the thermoplastic polymer sealants are their func-
tionality (i.e. to act both as the sealant and the spacer, and the encap-
sulant), compatibility with roll-to-roll deposition techniques and
transparency. However, the heating required when sealing the devices
with the thermoplastic polymers may cause undesired effects, such as
dye desorption (Jo et al., 2012), solvent evaporation (Sommeling et al.,
2004), and degradation of the electrolyte components (Asghar et al.,
2010; Chiang et al., 2015). In addition, the thermoplastic polymers have
limitations related to their thermal stabilities under high temperatures
(>80 °C) and their WVTR in high humidity environments, which may
affect the long-term stability of the devices (Fakharuddin et al., 2014;
Nath et al., 2017; Visco et al., 2019). However, there are only a few
studies focusing on the development of novel thermoplastic sealants,
such as copolymers or polymer nanocomposites (Lertngim et al., 2017;
Nath et al., 2017).

Adhesive UV-curable edge sealants exhibit some attractive advan-
tages, such as possibility for fast and easy room temperature processing,
good adhesion to the substrates, and high thermal stability (Cao et al.,
2018; Yeoh et al., 2019). Recently, Gratzel et al. demonstrated a DSSC
architecture where a PE and a CE were joined directly together and
sealed (i.e. the edges and the electrolyte filling holes) with an UV-cured
adhesive (ThreeBond) (Cao et al., 2018), omitting the spacer and
resulting “direct contact” between the PE and the CE, as shown in Fig. 7.
Chiang et al. studied UV-curable adhesives by varying the type and the
amount of acrylate monomers, and the amount of a fluorosurfactant as
an additive (Chiang et al., 2019). The devices prepared with UV-curable
adhesive containing 10 wt% acrylic acid monomer and 3-4 wt% fluo-
rosurfactant additive showed the best performance in a thermal stability
test (i.e. 65 °C for around 45 days). The fluorosurfactant improves the
encapsulant electrolyte corrosion resistance but it can also reduce the
adhesion strength of the adhesives and the performance of devices when
present in excess.

Glass-frit is an interesting DSSC encapsulation method (Hinsch et al.,
2008), that consists of a glass-based paste that is applied on the substrate
edges by screen printing, followed by a bonding process that is carried
out by thermo-compression or with a laser (Ivanou et al., 2016;
Knechtel, 2005; Sastrawan et al., 2006a). This encapsulation method
presents superior thermal and chemical stability, in addition to chemical
inertness toward both the electrolyte and the metal contacts (Sastrawan
et al., 2006a). However, the main disadvantage of the method is the high
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Fig. 6. Illustration of a DSSC sealed with a frame-shaped thermoplastic poly-
mer spacer, reprinted from (Yeoh et al., 2019).
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Fig. 7. A traditional DSSC device using a spacer sealant (left) and a DSSC architecture employing direct contact of PE and CE (right) with UV-curable edge sealant.

Reprinted from (Cao et al., 2018).

processing temperature, that is over 580 °C for the thermo-compression
method and around 330 °C for the laser-assisted method (Ivanou et al.,
2016; Ribeiro et al., 2012; Sastrawan et al., 2006b). Therefore special
cell manufacturing processes are required for the other device compo-
nents, and the method is not applicable with flexible substrates (Baxter,
2012; Desilvestro et al., 2010).

Flexible polymer DSSC substrates are permeable, with high WVTR
values (i.e. 3.9-17 g m~2d'!), meaning that extra encapsulation needs to
be utilized in flexible DSSCs, e.g. a transparent ultrahigh barrier film,
UHB (De Rossi et al., 2016) or cellulose-based nanocomposite films
(Yang et al., 2016; Yuwawech et al., 2017). An example of an UHB film
used in encapsulating a flexible DSSC is the Fraunhofer POLO® multi-
layer film, which consist of a hybrid inorganic-organic ORMOCER®
polymer layer sandwiched between two layers of sputtered zinc-tin-
oxide (multilayer WVTR < 8 X 107> g m2 d 1) (De Rossi et al.,
2016; Fahlteich et al., 2013). The UHB film was attached on top of an
ITO-PET-based CE and its use resulted in lifetime improvement of the
flexible DSSCs (De Rossi et al., 2016). Another possibility is to encap-
sulate an entire DSSC with a polymer nanocomposite consisting of
polyurethane and cellulose nanocrystals (Yuwawech et al., 2017), that
also improved the lifetime of DSSCs.

For flexible DSSCs, an interesting alternative encapsulation strategy
is preparing the PE into a groove on a titanium foil, inserting the elec-
trolyte in the groove too, and attaching a transparent ITO-PEN CE sub-
strate with a thermoplastic polymer edge sealant to the Ti foil, as shown
in Fig. 8 (Duan et al., 2015; Wang et al., 2015). In this encapsulation
scheme, the electrolyte filling holes can be eliminated, and the ther-
moplastic polymer is used to only edge seal the device. Another method
to avoid electrolyte filling holes is to use a thin cellulose aerogel film that
absorbs the electrolyte and retains it in its place, while using the edge
sealing method (Miettunen et al., 2014; Poskela et al., 2019).

As an example of the elastomeric polymer-type sealant, silicone-
based sealants present excellent chemical stability and can be used as
the “main” sealant and encapsulant (i.e. as the edge and electrolyte
filling hole sealant) or as complementary encapsulation (i.e. on the
entire device). As the sealant, this type of polymer provides insufficient
protection against moisture ingress due to its porosity, but this can be
overcome by a second barrier of protection (e.g. by applying epoxy
adhesives) (Baxter, 2012; Desilvestro et al., 2010). However, as the
complementary encapsulation, their advantage is resistance against
discoloration caused by UV light, in contrast to that of epoxy materials
(Kang et al., 2015), that are susceptible to UV degradation (Nikafshar
et al., 2017). The physical properties of elastomeric polymers can be
improved by preparing e.g. nanocomposites based on polyurethane and
cellulose nanocrystals (Yuwawech et al., 2018, 2017).

5.2.1. UV protection

The DSSC long-term stability is not only dependent on effective
sealing and encapsulation, but also on external agents such as UV light
exposure, that may lead to undesirable photoelectrochemical reactions
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Fig. 8. Illustration of flexible DSSC groove electrolyte filling sealed with
thermoplastic polymer. Reprinted from Ref (Duan et al., 2015).

in the cells, causing degradation of the dye or the electrolyte compo-
nents (Hinsch et al., 2001). For instance exposure to UV light can lead to
direct electronic excitation in the TiO5 layer (Son and Seo, 2020). The
electron and hole created in the photoexcitation process enables
oxidation and reduction reactions on the TiO, surface, that may cause
degradation of device components (Asghar et al., 2010; Carnie et al.,
2012b; Nakajima and Katoh, 2015). For instance, an organic electrolyte
solvent or trace amounts of water in it can react with the UV-generated
hole (Nakajima and Katoh, 2015). On the other hand, the electrons in
the TiO2 can react with the I3 ion of the electrolyte and form I" ions
(Nakajima and Katoh, 2015). This causes “bleaching” of the I'/I3” redox
mediator, when devices are exposed to UV light (Mastroianni et al.,
2014), in which the electrolyte changes color from dark yellow to
colorless, due to the reduction of the amount of I3” ion (Mastroianni
et al., 2014; Nakajima and Katoh, 2015).

The direct excitation of the TiO, can be prevented by applying a UV
cut-off filter on the front side of the cells (Carnie et al., 2012a, 2012b;
Son and Seo, 2020). In a recent long-term stability study, light soaking
with only visible light was compared to light soaking with the full solar
spectrum light with a high quality UV filter (cut-off wavelength 400 nm)
(Poskela et al., 2020). The devices protected by the UV filter aged with
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full solar spectrum presented faster degradation than the devices aged
only with visible light. This implies that either the cut-off wavelength
needs to be extended to high energy visible light or that even marginal
amounts of UV light are highly detrimental for DSSC (Poskela et al.,
2020).

Additionally, polymeric substrates may be directly affected when
exposed to UV light. For instance, the optical transmittance of a PEN
polymer film is altered under UV light, which means that those sub-
strates require a UV protective barrier (Brown et al., 2014).

The main observations from DSC encapsulation are the following:

e Surlyn and Bynel have relatively high WVTRs and are as such un-
suitable for reaching long term stability for DSCs;

e Glass frit is a promising but high-temperature encapsulation method;

e DSC can be manufactured in an etching groove of a Ti metal foil and
encapsulated only from one side;

e Photocatalytic TiO5 causes unique UV light-related stability issues
that are not known well yet and whose effects are difficult to counter,
and this might have impications on other technologies too, such as
PSCs.

5.3. Perovskite solar cell encapsulation

Typically, laboratory scale PSCs are not encapsulated, but the
perovskite light absorber layer is sandwiched between other active and
passive layers, such as the TiOs film on the FTO glass substrate and the
Spiro-OMeTAD layer, that protect the perovskite layer somewhat from e.
g. atmospheric elements. Several actual encapsulation methods have
however been reported, spanning from the early days of perovskite
research to the more sophisticated methods of today, and we review
them in this chapter. Representative papers of the encapsulation liter-
ature (solar cell components, encapsulation type, and possible stability
results) are summarized in Table 2.

The first attempts at encapsulating PSCs begun early on, shortly after
the initial perovskite breakthrough that happened in 2012: Leijtens et al.
employed a two part epoxy drop-cast on the back electrode and a glass
cover slip on both mesoporous TiOz- and AlyOs-based PSCs with
MAPbI;3Cly absorber, and found out that the alumina-based cells were
considerably more stable than the titania counterparts under Xenon
lamp light soaking, that entails the UV light component (Leijtens et al.,
2013). Burschka et al. sealed sequentially deposited MAPbI3 cells with
50 pm thick “hot-melting polymer” and microscope glass cover slip in
argon atmosphere and subjected the cells to a 1000 h MPP tracking
experiment under white LED light soaking and 45 °C, and the cells
maintained 80% of their PCEs at the 500 h mark (Burschka et al., 2013).

Glass-glass encapsulation with and without additional epoxy or
polymeric encapsulation material and varying edge sealants is the most
suggested PSC encapsulation method (Cheacharoen et al., 2018b,
2018a; Dong et al., 2016; Dunfield et al., 2018; Dunlap-Shohl et al.,
2019; Emami et al., 2019; Jost et al., 2020; Leijtens et al., 2013; Li et al.,
2015; Ma et al., 2020; Matteocci et al., 2016; Ramasamy et al., 2019;
Rizzo et al., 2017; Shi et al., 2020, 2017; Stoichkov et al., 2018; Tripathi
etal., 2015). Cheacharoen et al. carried out comprehensive work on PSC
encapsulation (Cheacharoen et al., 2018b, 2018a), and their “modified”
encapsulation method entailed a glass backsheet/ENLIGHT polyolefin
encapsulant film and a butyl rubber edge sealant with added desiccant,
see Fig. 9. The structure was laminated in a vacuum laminator at a 3000
Pa vacuum, 150 °C temperature and applied mechanical pressing. They
employed an ITO glass/NiOx/Cso.17FAo.83Pb(Bro.1710.83)3/LiF/Ceo/
Sn0O,/ITO/Ag PSC structure, and the chosen encapsulated PSC was
stable in thermal cycling and damp-heat stability experiments. Mitzi
et al. suggested a lamination process of hot pressing together two “half
cells”, ITO glass/SnOy/PCBM/MAPbI3/Spiro-OMeTAD and ITO glass/
poly(3,4-ethylene dioxythiophene:polystyrene sulfonate/sorbitol, and
found that the process does not affect the cell performance adversely,
which can also be considered a glass-glass encapsulation method
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(Dunlap-Shohl et al., 2019). Recently, low-temperature (65 °C) laser-
assisted glass frit encapsulation was demonstrated as a viable PSC
encapsulation method. The encapsulation process did not cause notable
performance degradation to the perovskite layer and the solar cell per-
formance, and the hermetic sealing proved efficient in humidity and
temperature cycling tests (Martins et al., 2020).

Polymer layers are another commonly studied encapsulation mate-
rial in PSCs. They can be deposited either in liquid form (F Bella et al.,
2016; Hwang et al., 2015), as films (Jang et al., 2019; Khadka et al.,
2017;B. J. Kim et al., 2019; Weerasinghe et al., 2015), or by evaporation
(Idigoras et al., 2018; H. Kim et al., 2019). Parylene-C (poly(p-chlor-
oxylylene)), a common encapsulation material in the electronics in-
dustry, was evaporated on MAPbIz-based PSCs and MAPbI; films, and
both the cells and the films withstood exposure to water droplets (H. Kim
et al,, 2019). Weerasinghe et al. demonstrated a Viewbarrier® film
enveloped (front and back encapsulated) flexible PSC that retained full
performance in a 500 h dark ambient storage test (Weerasinghe et al.,
2015). Also adding just Kapton polyimide tape on the Spiro-OMETAD/
Ag layer (B. Li et al., 2018) or copper tape directly on the PCBM elec-
tron contact layer (Shao et al., 2015) yielded promising preliminary
stability results, meaning these materials could be utilized as facile
“laboratory” encapsulants for obtaining improved short-term stabilities
for the cells. A multilayer polymer film encapsulation structure was used
in a washable flexible PSC that could be used in textile integration; the
cells were successfully exposed to multiple crumpling cycles while in a
detergent solution without performance decay (Huang et al., 2021), see
Fig. 10.

More complex structures and added functionalities, such as UV
down-conversing dyes mixed in UV curable fluoropolymer encapsulant
layers have also been suggested. Bella et al. obtained very promising
results with PSCs with said front and back encapsulants, in detailed UV
light soaking, outdoor and a damp-heat testing, at Vpc, where cells
retained 95-98% of their PCEs (F Bella et al., 2016). A schematic image
and scanning electron micrograph of the structure is shown in Fig. 11.
ZrO; nanoparticles were added in a silane encapsulant to improve its
hydrophobicity, and the cells withstood extensive aging studies
including MPPT, temperature cycling and water immersion (Luo et al.,
2020).

Single- and multilayer thin film layers have been successfully used as
the back encapsulant layers in PSCs. Good ambient storage stabilities
were obtained with Al,Os3 single layer (Choi et al., 2018). Wang et al.
used molecular layer deposited alucone on ITO/SnO5/MAPbI3/Spiro-
OMeTAD/Ag cells and obtained a very low WVTR for the structure that
survived a 2000 h dark test at 30 °C and 80% relative humidity. PSCs
encapsulated with a multilayer structure based on ALD-Al,03 and
thermally evaporated 1H,1H,2H,2H-perfluorodecyltrichlorosilane
retained around 90% of their PCE in a 1000 h light soaking experi-
ment and 80% of PCE in a 1500 h damp-heat aging test (Lv et al., 2020).
Also sputtered SiO» thin films were demonstrated to protect PSCs from
high ambient humidity, sputtering being possibly a more cost-effective
thin film deposition technique than ALD (Hosseinian Ahangharnejhad
et al., 2021).

Furthermore, different carbon allotropes utilized as the PSC HTM
layer can be considered as “additional” encapsulant materials due to
their hydrophobic nature, and impressive stabilities have indeed been
observed with encapsulated carbon-based monolithic PSCs. Ito et al.
kept a glass-glass encapsulated mp-TiO2/MAPbI3/ZrO,/C PSCs (the
back glass attached with UV curing “glue) in a 100 °C oven in the dark
for 7000 h and took the cells out only for IV measurements, structure
displayed in Fig. 12 (Baranwal et al., 2019). They observed that the cells
degraded slowly up to the 4500 h mark retaining 90% of the original
PCE, and started to degrade exponentially after that, to 45% of the initial
PCE at 7000 h, showing that the commonly discussed MA™ ion volatility
in MAPbI3-based cells is not necessarily an issue with the right choice of
other cell components. Others subjected similar cells employing 5-
ammoniumvaleric acid iodide-stabilized MAPbI3 encapsulated by a
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Table 2

Summary of different PSC encapsulation methods. Spiro refers to Spiro-OMeTAD, VOC to open-circuit voltage, and MPPT to maximum power point tracking.
Author PSC stack Encapsulant Stability experiment Result
GLASS-GLASS

Lejtens 2013

Burschka 2013

Han 2015

Li 2015

Dong 2016

Matteocci 2016

Shi 2017

Cheacharoen
2018

Stoichkov 2018

Emami 2019
Ramasamy 2019

Fu 2019

Dunlap-Shohl
2019

Baranwal 2019

Ma 2020

Jost 2020

Shi 2020

Martins 2020

Chen 2021

FTO/dTiO2/mpAl203/MAPbI3-xClx/
Spiro/Au &dTiO2/mpTiO2/MAPbI3-xClx/
Spiro/Au

FTO/mpTiO2/MAPbDI3/Spiro/Au

FTO/mpTiO2/MAPbI3/Spiro/Ag

FTO/mpTiO2/(5-AVA)XMA1-xPbI3/ZrO2/
C

FTO/planar TiO2/MAPbI3/Spiro/Mo03/
Al

large area (1.05 cm2) FTO/mpTiO2/
MAPbDI3/Spiro/Au

FTO/mpTiO2/FAPbI3/PTAA/Au

ITO/NiOx/Cs0.17FA0.83Pb(Br0.1710.83)
3/LiF/C60/Sn02/ITO/Ag

ITO/NiOx/MAPDI3 or Cs0.05
(FA0.83MA0.17)95PbI(0.87Br0.13)3/
PC60BM/BCP/Ag

“Empty cells” to demonstrate low temp
FTO/mpTiO2/MAPDI3/Spiro/Au

FTO/mpTiO2/(5-AVA)XMA1-xPbI3/ZrO2/
C

1ITO/Sn0O2/PCBM/MAPDI3/Spiro/D-
sorbitol/PEDOT:PSS/ITO

FTO/mpTiO2/MAPbI3/ZrO2/carbon

ITO/Sn02/Rb0.09Cs0.05
[(FA0.85MA0.15)Pb(10.85Br0.15)3]/
Spiro/Au

ITO/MeO-2PACz/Cs0.05(FA0.83MA0.17)
Pb1.1(10.83Br0.17)3/C60/Sn02/Cu

FTO/mpTiO2/Cs0.05FA0.8MA0.15Pb
(10.85 Br0.15)3 or FA0.85MA0.15Pb
(10.85Br0.15)3/PTAA/Au

FTO/mpTiO2/Cs0.05(FA0.83MA0.17)
Pb1.1(10.83Br0.17)3/PTAA/Au

FTO/mpTiO2/
FA0.80MAO0.15Cs0.05PbI2.55Br0.45/
Spiro/Au integrated in a water splitting cell

DEPOSITED POLYMER

Two part epoxy drop cast + glass cover

50 um “hot-melting polymer” and
microscope coverslip

A. UV curable epoxy + glass B. UV epoxy
edge sealant + desiccant film + glass

Thin glass piece+Surlyn frame
spacer-+unnamed epoxy resin sealant

A. 1 mm glass only B. 1 mm glass +
desiccant film C. SiO2+desiccant+glass D.
Graphene oxide-+desicc.+glass; UV curable
epoxy edge sealant

several advanced methods, Kapton+UV
curable glue+glass+UV curable glue edge
sealant

A. Polyisobutylene (PIB) film edge
sealant-+glass (on gold) B. Same as B but
with Au feedthrough to FTO C. Same as B
but PIB encapsulant “everywhere”

several methods, Enlight polyolefin
encapsulant + butyl rubber w desiccant
edge sealant with cover glass (backsheet)
and Ag feedthroughs best, laminated with
hot vacuum press

light curable encapsulant + cover glass +
UV curable edge sealant; made into
modules with UV filter + glass backplane +
epoxy edge sealant

Laser assisted glass frit sealing at 120 °C
A. glass + UV curable epoxy edge sealant B.
Surlyn gasket + glass

glass + hotmelt (polyolefin/polyurethane/
EVA) laminated at 80-90 °C; PU chosen
because no effect on PCE; modules
encapsulated with metal frames + silicone
“Half cells” ITO/SnO2/PCBM/MAPbI3/
Spiro and D-sorbitol/PEDOT:PSS/ITO
pressed together at 120 °C

UV-curable glue + glass

UV-cured adhesive edge sealant + paraffin
encapsulant + glass

two componet resin edge sealant + glass &
“cells put in a closed sealed plastic box with
glass cover”

A. PIB blanket encapsulation + glass B. PIB
edge sealant + glass C. PO blanket
encapsulation + glass

modified laser-assisted low-temperature
(65C) glass frit
PIB + glass laminated with vacuum press at

50C & the whole back side coated with
acrylic adhesive
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1 sun Xenon lamp, VOC, 40 °C
in air, 5 hr for TiO2 cell w UV
filter and 1000 hr for A1203
cell w/o UV filter

1000 hr MPPT under white
LED & 45 °C

1 sun metal halide lamp, VOC,
different temperatures and
humidities for ~ 100 hr

A. 7 day outdoor test at VOC in
Jeddah, Saudi-Arabia B. 44
day MPPT in 1 sun white LED
light and Ar (unsealed devices)
C. 3 months 85 °C test in an
oven at VOC

1 sun (solar simulator) 85 °C/
65%RH for 48 hr

40-50 °C/85%RH test; 1 sun
LED light, MPPT, 250 hr

A. Damp heat test 85 °C, 85%
RH B. thermal cycling —40 to
85°C

A. Thermal cycling -40 - 85 °C
B. Dry heat 25%RH/85 °C/
damp heat 85%/85 °C, dry
heat also in N2

23 day outdoor measurements
in North-Wales, cells kept at
voC

Dark storage test at 30 °C/50%
RH

A. 85 °C heating for 325 hr B.
Outdoor test with resistor for
the modules for 2136 hr

7000 hours at a 100 °C oven

A. Steady state PL spectra
tracking at constant
illumination B. 1 sun LED light,
MPPT, 20 °C, 30-50%RH for
1000 hr C. Several damp-heat
tests

Outdoor rooftop MPPT at
University of Ljubljana for ~3
months

A. Damp-heat 85 °C/85% RH
B. Humidity-freeze -40 - 85 °C/
85% RH

A. 25°C/85%RH for 500 hr B.
50 thermal cycles from -40 to
85°C

immersed in water in water
splitting experiments for 13 hr

TiO2 cells degrade rapidly,
Al1203 cells: PCE 10 -> 5% at
200 hr mark, stable after that

PCE drops to 80% at 500 hr
mark

cells degrade considerably in
all conditions, method B more
stable

A. PCE stable B. Stable C. Few
percent drop in PCE

C. PCE drops to 80%, for
others to 60%

PCE drops to 80% in damp
heat test; PCE 14->10% in
MPPT

A. And B. Encapsulated cells
degrade in damp-heat test C.
Encapsulated cells survibe
both damp-heat and therm
cycling tests

Cells survive A. And B. Tests
well

All cells degrade linearly to
0% PCE

proof of concept

A. PCE drops to 80% B. PCE
drops to 70%

A. No performance
degradation B. Module
maintains 97.5% of PCE

proof of concept

Cells degrade linearly up to
4500 hr, retain 90% of PCE,
degrade exponentially after
that, retain 45% of PCE at
7000 hr

A. No phase segregation B.
Retains 80% of PCE C. Retains
PCE quite well

“performance ratio”
(calculated energy yield)
drops to around 20%

A. Damp-heat: CSFAMA with
PIB blanket passes, others fail
B. Humidity-freeze: CsFA and
CsFAMA pass with PIB and PO
blanket encaps

A. Cells are stable B. PCE
decreases by 15%

Cells stable

(continued on next page)
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Author PSC stack Encapsulant Stability experiment Result

Hwang 2015 FTO/mpTiO2/MAPbDI3/Spiro/Au spin coated commercial Teflon precursor, ambient storage test 95% of PCE retained
drying at 70 °C for 30 min

Bella 2016 FTO/mpTiO2/(FAPbI3)0.85(MAPbBr3) chloro-trifluoro-ethylene vinyl ether resin A.5mW/cm2 UV testin Ar for ~ A. Front/back coated cells

McKenna 2017

Idigoras 2018

Kim 2019

Jang 2019

Bonomo 2020

THIN-FILM
Choi 2018

Lv 2018

Wang 2020

Lv 2020

Ahangharnejhad
2021

0.15/Spiro/Au

MAPbDI3xClx on microscope glass

FTO/mpTiO2/MaPbl3/Spiro/Au

FTO/mpTiO2/MAPDI3/Spiro/Au

FTO/mpTiO2/(FAPbI3)0.85(MAPbBr3)
0.15/Spiro/Au

ITO/Sn02/Cs0.05(FA0.83MA0.17)Pb
(10.83Br0.17)3/Spiro/Au

FTO/mpTiO2/(FAPbI3)0.85(MAPbBr3)
0.15/Spiro or PTAA/Au

ITO/NiOx/MAPbDI3/PC61BM/ALD-TiO2/
Ag

ITO/SnO2/MAPDI3/Spiro/Ag

ITO/NiO/MAPbI3/PCBM/Ag

FTO/Sn02/(MAPbI3) or (Cs0.05
(FA0.85MA0.15)0.95Pb(10.85Br0.15)3)
/Spiro/Au

FREE-STANDING FILM/ADHESIVE

Weerasinghe
2015

Kim 2019

Khadka 2017

Jang 2019

Shao 2015

Li 2018

Huang 2021

COMPOSITE
Luo 2020

flexible IZO-PET/TiO2/CH3NH3PbI3/
Spiro/Au)

FTO/mpTiO2/(FAPbI3)0.85(MAPbBr3)
0.15/Spiro/Au

ITO/PEDOT:PSS/MAPbI3-xClx/PCBM/
TBAI/Ag; TBAI=tetrabutylammonium
iodide
FTO/mpTiO2/(FAPbI3)0.85(MAPbBr3)
0.15/Spiro/Au

ITO/PEDOT:PSS/MAPbI3/PC61BM/Cu
tape

FTO/Sn0O2 or mpTiO2/MAPDI(3-x)Brx/
Spiro/Ag

PET/EVA/ITO-PET/ NiOx/MAPbI3/EVA/
PCBM/PEI/ITO-PET/EVA/PET

FTO/mpTiO2/(5-AVA)XMA1-xPbI3/ZrO2/
C

mixed with a difunctional methacrylic
perfluoropolyether oligomer (98:2 weight
ratio) w and w/o UV downconversing dye,
front and front&back

poly(methylmethacrylate), ethyl cellulose,
polycarbonate or poly(4-methyl-1-
pentene)) spin coated on the back

200 nm adamantande polymer by remote
plasma vacuum deposition

Parylene-C (poly(p-chloro xylylene) by
evaporation

poly(vinyl alcohol-co-ethylene) film with
SiO2 and graphene oxide additives attahed
with Norland optical adhesive

drop-cast thermosetting polyurethane

50 nm Al203 by ALD

A. 60 nm Al203 by ALD B. 60 nm “stacked”
ALD layer with 20 nm intermediate layer
with extra (ALD) reaction intermediates
alucone deposited by molecular layer
deposition & plasma enhanced ALD A1203
at 50 °C (two bilayers)
Al203/1H,1H,2H,2H-perfluor-
odecyltrichlorosilane x 2 double layer

RF-sputtered SiO2

467 MP 3M™ Adhesive Transfer Tape &
Viewbarrier® film, laminated with an
“office laminator” at 100 C A. Covering
front and back B. Covering edges too
Norland optical adhesive (NOA)/
polyethylene terephthalate/NOA triple
layer back encapsulant + micropatterned
NOA front encapsulant

transparent plastic well fitted to device size
glued with a UV curable resin (UV RESIN
XNR5516Z, Nagase ChemeteX Japan)
poly(vinyl alcohol-co-ethylene) film with
SiO2 and graphene oxide additives attahed
with Norland optical adhesive

commercial Cu tape

2 layers of Kapton (polyimide) tape

PET/EVA/PET-ITO/ NiOx/Perovskite/EVA
and PET/EVA/PET-ITO/PEI/PCBM half
cells pressed together at 120C

A. ZrO2 nanoparticles in ethylcellulose and
terpineol added in 1H,1H,2H,2H-
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3 months; in air with 50% RH
for additional 3 months B.
Outdoor test at 1 sun & VOC at
Politecnico di Torino, Italy, for
3 months C. 105 °C/95%RH
test for 1 month

ambient thermal test at 60, 80
and 100 °C at 50-70% RH,
optical characterization

A. ambient 85% RH humidity
test in the dark B. water
immersion

A. ambient storage test for 196
hr B. Water droplet application
water dropped on PSC kept on
a hot plate at 25 °C

A. ambient storage for 2500 hr
B. 1 sun MPPT for 3000 min

A. Ambient i.e. 25 °C/50%RH
for 7500 hr B. 65 °C in N2 for
350 hr C. Damp-heat 65 °C/
85%RH for 350 hr

A. 1000 hr dark storage B. 2 hr
water immersion (for B cells)

A. 300 min water immersion B.
2000 hr 30 °C & 80% RH

A. 1000 hr 1 sun light soaking
B. 1000 hr 60 °C heating C.
1500 hr damp-heat 85 °C/85%
RH D. Water immersion

A. Ambient storage test for 2
months for single cation cells
B. Laser-beam induced current
measurement, devices in
flowing N2 with 85% RH at 25
°C for both types of cells

Ambient storage for ~500 hr

water reservoir in direct
contact with the back
encapsulant at 25 °C for 540 hr

IV & capacitance
measurements (defect states)
in ambient for 150 days
water dropped on PSC kept on
a hot plate at 25 °C

Ambient storage for 250 hr

A. 1800 s water immersion B.
spectroscopies of encapsulated
perovskite films in different
conditions

A. 10000 hr storage test at 80%
RH B. Detergent soak for 240
min C. 30 crumpling cycles in
water

A. Indoor storage test at 45%
RH for 400 days B. Outdoor

retain 98% (front coated
degrade after air & humidity
exposition) B. Front/back
coated retain 95% PCE C.
Front/back coated cells retain
96% of PCE

PMMA outperforms other
polymers although all PSC
films degrade

A. Retains 70% PCE in 24 hr B.
5% drop in PCE

A. No change in PCE B.
Retains PCE for 30 min
Retains 60% of PCE for 10
hours

A. Cells are stable B. PCE
drops from 16% to 12%

A. 4% PCE frop for PTAA cells,
8% for Spiro B & C. cells
degrade, PTAA less than Spiro
for both experiments

A. A. Cells PCE drops to 60%
B. Cells retain 93% of PCE B. B
cells retain 95% PCE

A. Retain 95% of PCE B.
Retain 96% of PCE; 1.3x10-5
gm-2day-1 WVTR

A. & B. Cells retain 90% of
PCE C. Retain around 80% of
PCE D. Cells stable

A. Single cation devices stable
B. Triple cation cells less
stable than single cation cells
with 45 nm thick SiO2, triple
cation becomes more stable
with 300 nm SiO2

A. Cells degrage B. Cells are
stable

No degradation

PCE drops, deteriotation of
interfacial layers coupled with
trap assisted recombination
Retains 60% of PCE for 10
hours

PCE drops from 12.3 to 11%

A. TiO2 cells retain 89.3% and
Sn02 96.3% of PCE B.
Encapsulated films more
stable than unencapsulated

A. PCE drops by 8% B. PCE
drops by 5% C. Retains 85% of
PCE

A. A cells stable, B cells PCE
decreased 70% B. A cells

(continued on next page)
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Author PSC stack Encapsulant Stability experiment Result
perfluorootyltriethoxysilane, airbrushed storage test in transparent box stable, B. Cells drops to 50% at
on the C electrode, heated 10 min at 120C  for 150 days C. Indoor 1 sun 100 days C. A cells stable, B
B. Ossila UV curable encapsulation epoxy (with UV) MPPT for 240hr D. cells PCE decreased 52% D. A
with cover glass on C electrode Water immersion E. Heating- cells stable, B cells degrade E.
cooling cycle 85 °C for 4hr, A cells stable, B cells degrade
room temperature for 4hr, 100  after 40 cycles
cycles
Kim J 2020 FTO/Sn0O2/MAPDI3-xBrx/Spiro/Au dip coated UV cured PDMS with 0.5 wt% 25 °C, 95%RH for 220 hr Cells retain 90% of PCE

quantum dots + spin coated UV cured
perhydropolysilazane

1st Generation

b)

a) Solar cells stack

Ag
ITO
SnO,
C60
LiF
Perovskite
NiOx
ITO
Glass

pE——

2nd Generation

Edge Seal
Encapsulant

0.5mm

Side view

d) 1st Generation
|

2nd Generation

1 I

Top view

Side view

5cm

Fig. 9. A PSC encapsulation scheme suggested by Cheacharoen et al. a) the PSC stack used in the study, b) the 1st generation encasulation scheme where the cells are
enveloped in two sheets of EVA encapsulant and glass c¢) the 2nd generation encapsulation scheme where the ITO substrate functions as the front encapsulant and a
polyolefin film and glass as the back encapsulants; also there is an electric feedthrough for back contact, d) schematic topview of the two types of encapsulation
schemes, e) photograph of the 1st generation scheme, and f) photograph of the 2nd generation scheme. Reprinted from Ref (Cheacharoen et al., 2018a).

glass backsheet and Surlyn edge sealant to an outdoor light soaking tests
at MPP and observed little degradation in the performance (Li et al.,
2015). Habisreutinger et al. used a single-walled carbon nanotubes:
P3HT:polymethyl methacrylate composite as the hole transporting ma-
terial (under the Ag contact) in un-encapsulated cells and observed an
improved thermal stability in ambient conditions compared to the
standard PSCs (Habisreutinger et al., 2014b). It can be concluded that in
carbon-contacted PSCs great stabilities meet great commercialization
potential, although their PCEs have so far fallen behind those with the
standard contact materials.

Lead leakage is a critical environmental and human health-related
issue that a PSC encapsulant must address. Jiang et al. used a self-
healing epoxy resin with 1-mm-thick glass superstrate as the PSC front
encapsulant to contain the lead in the perovskite absorber in case of a
glass breakage situation: the resin self-heals at temperatures achieved
with solar heat incident on the cells and yielded 375-fold reduction in
lead leakage compared to more standard glass-based encapsulation
methods (Jiang et al., 2019). Also a cation exchange resin deposited on
the back contact was demonstrated successfully to prevent lead leakage
from broken minimodules, encapsulated with glass and edge sealant,
subjected to water immersion and simulated rain (Chen et al., 2020).

Overall, PSC stability seems to depend on the structure of the solar
cell. Albrecht et al. used the simple self-assembled molecular layer hole
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contacts 2PACz and MeO-2PACz on ITO glass with the PSC stack of ITO/
2PACz/perovskite/Cgo/bathocuproine/Cu and obtained, not only an
impressive efficiency of 21.1%, but also stability with a simple cover
glass and epoxy encapsulation (Al-Ashouri et al., 2019). They subjected
the MeO-2PACz-based cells to extensive outdoor testing, where the cells
were however not very stable at higher temperatures, attributed to the
chosen perovskite absorber instability (Jost et al., 2020). It should
however be mentioned that, out of all the encapsulated PSCs reported in
the literature, the MeO-2PACz-based cells and the carbon-based cells
developed by Li et al (Li et al., 2015) were the only ones subjected to
both sunlight that contains the UV component (i.e. not only to white LED
light used often in many other reports) and electrical load (i.e. the cells
were kept at the MPP for the duration of the stability experiment). The
other encapsulated cells reported in the literature have been kept under
either white LED light (with no UV component), V¢ or dark conditions,
that are not necessarily realistic conditions for an aging test resembling
real-world conditions.

It is not very simple to draw conclusions from the varied literature on
PSC encapsulation, because not only the encapsulant structures vary
greatly, but also the used perovskite formulations and the cell configu-
rations (whether n-i-p, p-i-n, and the choice of the electrical contact
materials) and the stability experiments the cells are subjected to, if any.
Therefore, we prepared Table 2, that contains the cell configuration, the
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(a) PET/EVA
Front side PET-ITO

\ Back side

PEI
10, PET-ITO
10
PET-ITO PET/EVA PET-ITO
PET/EVA

PET/EVA

PET/EVA

Fig. 10. a) A schematic image of a PET/EVA-encapsulated washable and flexible PSC and its encapsulation method (two “half-cells” attached into an encapsulated

PSC), b) a SEM image of the structure.
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Fig. 11. a) A schematic image of a polymeric encapsulant in which a UV down-conversing dye is embedded, b) Absorption and emission spectra of the UV down-
conversing dye and the incident photon to collected electron spectrum of the PSC, ¢) SEM image and d) a photograph of the PSC. Reprinted from Ref (F Bella

et al., 2016).

perovskite formula, the encapsulant type, the stability experiments
carried out and the result of the said experiment, which we hope that the
reader may use as a “handbook” and choose the encapsulation strategy
most suitable for them, the strategies spanning from simple “lab
encapsulation methods” to improve the cell “storability” to complex
structures that may be subjected to thorough aging experiments. How-
ever, as our review shows, several successful encapsulation materials
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and methods have been demonstrated based both on e.g. rigid glass
sheets and different flexible materials, demonstrating that considerable
progress has been made on that front recently.

The main observations from PSC encapsulation are the following:

o Thermoplastic polyolefin & glass backsheet and butyl rubber edge
sealant is a possible option for PSC encapsulation. The encapsulant
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(b) ‘y

Carb‘oQQgr?v;

Fig. 12. a) Schematic image of an encapsulated monolithic carbon mesoporous
carbon-based PSC, b) electron micrograph of active layers. Reprinted from Ref
(Baranwal et al., 2019).

was applied with 150 °C vacuum lamination, and a PSC with certain
structure withstood the process without losses in cell performance,
however the encapsulation method results in a rigid solar cell;

e Low-temperature glass frit is a viable option for PSC encapsulation;

e PSC water immersion has been successfully demonstrated with
several different encapsulation strategies, showing that it is possible
to protect PSCs efficiently from water with adequate encapsulation;

e Carbon-based PSCs are among the most stable PSC configurations;
carbon’s hydrophobicity; offers additional protection and simple
encapsulation is sufficient for good stability;

e The field is new, there is several different encapsulation materials
and methods, and there are not many highly detailed aging studies
carried out on encapsulated PSCs yet.

6. Other aspects of solar cell encapsulation

Next, we briefly discuss additional functionalities and possible future
directions of solar cell encapsulation materials and techniques.

A low solar cell PCE can be related not only to issues in the active
materials, but also e.g. to reflection, shading, incomplete absorption of
light, non-absorption of high wavelength light, and thermalization of
short-wavelength light (Day et al., 2019), that can be addressed for
instance by additional functionalities in the encapsulant materials. Light
management may entail for instance anti-reflection (Jacobs et al., 2019;
Wang et al., 2020), scattering (haze) (Li et al., 2020), photon up-
conversion (Nguyen et al., 2017), photon down-conversion (Zhao
et al., 2019), photon down-shifting (Alexandre et al., 2019) and UV
protection functionalities (Hayden et al., 2019; Zhang et al., 2019).

Antireflective coatings and surface structures enhance the absorption
of light in the active layer (Kim et al., 2020). Yun et al. produced a
silicone-based encapsulation for silicon solar cells combining different
1D patterns in the submicron and micrometer range (hills and valleys,
waves, and cylindrical lens structures) and obtained an omnidirectional
PCE enhancement of up to 2% (Yun et al., 2020a, 2020b). Another
feature that such surface patterning can provide is improvement of
moisture and water resistance, combined with self-cleaning properties
(Idigoras et al., 2018; Zhi and Zhang, 2018). However, these properties
depend on the type of patterning, as Wang et al. observed (Wang et al.,
2017). Their work showed that close-packed nanopillar structures
imprinted on an ethylene-tetrafluoroethylene copolymer film coating of
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a triple-junction thin film solar cell presents high hydrophobicity but not
good self-cleaning and light-trapping properties. On the other hand,
stripe-like triangular prism structures exhibit hydrophobicity, self-
cleaning, and light trapping properties and increased the cells’ PCE by
5.5%. Surface patterning has however also drawbacks that are related to
for instance the challenging manufacturing processes of micro- and
nanoscale structures (Ha et al., 2014).

Alternative bio-based materials such as nanocellulose and “trans-
parent wood” (delignified wood filled by a polymer with the same
refractive index (Li et al., 2019)) have been proposed to be used in the
preparation of anti-reflective coatings (Fang et al., 2015; Ha et al., 2014;
Podsiadlo et al., 2007). However, because of the hydroxyl group net-
works in nanocellulose materials, they interact strongly with ambient
water and oxygen (Shen and Gnanakaran, 2009). Therefore their water
and oxygen resistance has to be developed further before they can be
applied in photovoltaic devices. This could be achieved by the same
hydroxyl groups: their high reactivity enables also easy chemical
modification and e.g. utilizing cross-linking (Hossain et al., 2020), to
improve their barrier properties. On the other hand transparent wood
does not have the same hydrophilicity property because it can easily be
impregnated with hydrophobic polymer, decreasing its interaction with
water and oxygen (Y. Li et al., 2018; Mi et al., 2020).

With bio-based materials, it is also possible to produce a beneficial
optical property: haze. Haze is defined as the ratio of transmitted light
that is diffusely scattered in the forward direction to the total trans-
mitted light, and it is created by deformations in the material structure,
that can be achieved with e.g. use of additional particles, pores, or
surface roughness (Jacucci et al., 2020). In general, haze improves a
solar cell’s performance by improving light absorption (Li et al., 2019).
The improvement of light scattering and absorption using nanocellulose
films as front layers has already been shown in PSCs (Hou et al., 2020)
and in OSCs (Wu et al., 2020).

The effects of harmful light, such as UV light, can be prevented by
using composite encapsulation systems. One of the most common
methods for UV protection is using semiconductor nanoparticle layers,
such as zinc oxide (Aljaiuossi et al., 2019) and TiO3 (Zhu et al., 2021)
layers, as the solar cell front layer. These films block UV-A (ZnO) and
UV-B (TiO), separately, and together they yield broadband UV pro-
tection (Smijs and Pavel, 2011). However, in the search for more sus-
tainable materials, bio-based materials such as lignin nanoparticles, rise
as an option for UV protective layers due to the chromophore groups
that absorb almost all incident UV light (Sadeghifar and Ragauskas,
2020).

Another group of materials used in UV protection that can also yield
PCE enhancement is photoconverters (Day et al., 2019; de la Mora et al.,
2017; Khare, 2020; Moffatt et al., 2020; Nonat and Fix, 2019; Rajeswari
et al., 2020). These materials function by converting: (i) one incident
high-energy photon into two (or more) lower energy photons (down-
converters), (ii) two (or more) low-energy photons into one higher en-
ergy photon (up-converters), or (iii) one high-energy photon into one
lower-energy photon (down-shifters) (Huang et al., 2013). Traditionally
these materials are composed of rare-earth-doped crystalline materials
(Sun et al., 2021), but the search for alternative, more environmentally
friendly options has resulted also in the discovery of novel materials,
such as quantum dots and organo-metallic dyes (Day et al., 2019).
Carbon quantum dots obtained from bio-based materials have shown
promise in light management, because they exhibit properties such as
high fluorescence, photo-bleaching resistance, and wavelength-
dependent photoluminescence behavior (Alas et al., 2020).

7. Conclusions

In this review article we have explored and discussed encapsulation
materials and methods of established and emerging photovoltaic tech-
niques with special focus on PSC encapsulation. The materials and
methods range from the established ones used in the crystalline silicon
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photovoltaics industry to the experimental ones used in academic
research on emerging solar cells. Perovskite solar cells as the newest
emerging solar cell technology may take benefit from the lessons-learnt
from the present encapsulation materials and methods of all the other
solar cell technologies, and novel innovations that benefit the whole
solar cell community may be adopted from PSC, as well as other
emerging PV technologies. Ethylene vinyl acetate layers combined with
glass front and backsheets and a polyisobutylene edge sealant is the
dominant encapsulation technology in the PV industry, but several
alternative materials have also been proposed. Similar encapsulation
scheme is possible for PSCs too: a thermoplastic polyolefin and glass
frontsheet encapsulation scheme, combined with butyl rubber edge
sealant, attached via vacuum lamination, is a viable technique for PSC
use. Alternative PSC encapsulation strategies based on for instance flu-
oropolymeric composites have yielded promising stability results, and
additional functionalities can be combined with encapsulants. Future
encapsulation materials could entail encapsulants with added func-
tionalities and biobased starting materials.
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