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Abstract: Perovskite solar cells (PSCs) represent a promising technology for energy harvesting due
to high power conversion efficiencies up to 26%, easy manufacturing, and convenient deposition
techniques, leading to added advantages over other contemporary competitors. In order to promote
this technology toward commercialization though, stability issues need to be addressed. Lately,
many researchers have explored several techniques to improve the stability of the environmentally-
sensitive perovskite solar devices. Challenges posed by environmental factors like moisture, oxygen,
temperature, and UV-light exposure, could be overcome by device encapsulation. This review
focuses the attention on the different materials, methods, and requirements for suitable encapsulated
perovskite solar cells. A depth analysis on the current stability tests is also included, since accurate
and reliable testing conditions are needed in order to reduce mismatching involved in reporting the
efficiencies of PSC.
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1. Introduction

Perovskite Solar Cells (PSCs) have demonstrated outstanding performance, achieving
power conversion efficiencies (PCE) as high as 25.5% and theoretical efficiencies up to 31%.
Since the inception of PSCs in 2009 [1], a lot of improvements have been done in various
aspects, like composition [2], synthesis technique, fabrication method [3], and interfacial
studies [4]. In addition, an even higher PCE can be obtained by combining the two silicon
and PSC devices together, i.e., perovskite/silicon tandem solar cells, by exceeding the
Shockley—Queisser limit [5]. Unfortunately, it is challenging to obtain satisfactory lifetime
during PSC operation when compared to that of silicon solar cells. In fact, unlike the silicon
solar cells, the instability of hybrid organic-inorganic PSC devices remains a significant
bottleneck to commercialization [6]. Currently, PSCs are only stable up to few months
at an outdoor environment [7,8], since PSCs are sensitive to harsh environmental condi-
tions (see Figure 1) such as UV light exposure [9], high temperature [10,11], and, most
importantly, oxygen [12] and humidity [13,14]. In the last few years, different approaches
have been explored in order to overcome the mentioned issues. A comprehensive under-
standing of these issues in PSCs is required to achieve stability breakthroughs for practical
commercial applications.
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Figure 1. Schematic representation of different factors affecting the stability of perovskite solar cells.

Sources of Degradation of Perovskite Devices

Snaith and co-workers studied the stability of PSCs under UV radiation for the first
time [15], demonstrating that perovskite solar cells with TiO, as photoanode suffered from
a rapid decay in photocurrent and power conversion efficiency after encapsulation in a
nitrogen atmosphere. The authors showed how an electron-hole pair is formed on TiO,
and the hole in the valence band combines with the electron at the oxygen adsorption site
after UV illumination. This might be overcome by introduction of small amount of oxygen,
which could decrease the number of empty deep trap sites [15,16]. Another solution to
UV degradation of the TiO, layer was introduced by Komarala and co-workers [17]. The
authors proposed that the deposition of a down-shifting (DS) YVO4:Eu®* nano-phosphor
layer on the reverse side of fluorine doped tin oxide (FTO) glass could improve the PSC
stability. In fact, the phosphor layer can absorb UV light and emit visible light, which could
be absorbed by the underlying perovskite layer. The device showed an improvement in
stability under prolonged illumination, retaining more than 50% of its initial efficiency,
whereas for PSCs without the phosphor layer, the efficiency diminished to 35% of its initial
value [16,17].

On the other hand, temperature enhancement under continuous sun illumination
can produce phase changing and instability in the perovskite layer [18]. Connings et al.,
studied the thermal stability of ITO/TiO,/perovskite set up at 85 °C in order to focus on
the absorber layer of the PSCs [19]. Results revealed a high amount of deterioration in the
ambient environment than in the presence of nitrogen and oxygen. Pisoni and co-workers
showed that MAPI (CH3NH;3Pbl3) had a very low thermal conductivity for both large
single crystals and the polycrystalline form. This meant that the light-deposited heat inside
the perovskite itself could not spread out quickly, which caused mechanical stress and
limited the lifetime of the photovoltaic devices [20]. Also, studies conducted by Pister et al.,
stressed the fact that the annealing temperature of MAPI film is important for both thermal
stability and efficiency of PSCs, with an ideal temperature range to carry out annealing of
MAPb(I/CI) perovskite between 100 and 150 °C [21].

Furthermore, oxygen represents a crucial environmental parameter related to PSC
stability, both during perovskite film preparation and subsequent device exposure. Haque
and co-workers showed that photodegradation reaction of MAPI film is triggered by the
action of active oxygen species (superoxide O%>~) on the organic component (i.e., methy-
lammonium) of the perovskite absorber layer [22]. Lately, also Maier and co-workers
demonstrated that since MAPI shows a certain oxygen solubility, and that O,, once in-
troduced, acts as an acceptor dopant owing to O~ replacing I~ or being accommodated
interstitially. Under these conditions, MAPI is thermodynamically expected to degrade,
forming water and iodine [12]. On the other hand, it has been proved that oxygen passi-
vation could enhance the photoluminescence (PL) intensity of the perovskite due to the
decrease of the non-radiative recombination.

Lately, it has also been demonstrated that if perovskite layer is exposed to oxygen
by exclusion of light illumination, the halide vacancies could be passivated by oxygen
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atoms, meanwhile, the reaction between oxygen molecule and photogenerated electrons
might be prevented, which will lead to the improvement of both efficiency and stability for
PSCs [23,24].

Apart of the degradation sources cited above, it is now well established that PSCs are
very susceptible to high humidity. The degradation is notably quicker under high humidity
conditions, as demonstrated by Zhu et al. [25] by performing stability tests under constant
illumination over a short time period in an N, glovebox to prevent the intrusion of humidity.
In order to get over the above-cited problems, many solutions have been addressed in
order to improve the stability. For instance, compositional tuning of perovskite materials
has been well explored over recent years. For example, it has been demonstrated that the
incorporation of different organic and inorganic cations (like cesium, formamidinium, and
rubidium) in the structure is beneficial to internal perovskite stability [2,26]. However,
phase segregation due to temperature changes can induce instabilities inside the perovskite
structure depending on the composition. Table 1 summarizes the phase stability of common
perovskite compounds. %clearpage

Table 1. Summary of the different crystal structure depending on the composition and the temperature of the per-

ovskite material.

Non-Optical

Perovskite Active Low T Medium T High T Ref.
<162.2 K 162.2-327.4 K .
MAPbIs (orthorhombic) (tetragonal) >327.4 K (cubic) [27]
149.5-155.1 K 155.1-236.9 K .
o MAPDbBr; (tetragonal) (tetragonal) >236.9 K (cubic) [28]
=] 140-285 K .
A~ FAPDbI; <438 K (hexagonal) (tetragonal) >285 K (cubic) [29]
<588 K .
CsPbl; (orthorhombic) >588 K (cubic)
c . <257-283 K <298 to >523 K
-g) 8 FAXMA ., Pbl forms if x > 0.85 (cubic) (tetragonal) [30,31]
=28 <398 K, x =0.85 >398 K, x = 0.85
= < FAXCs1.,Pbly (hexagonal) (tetragonal) [32]
298 K, tetragonal for x <
v MAPb(T<Br.)s 0.13, cubic for x > 0.2 [33]
X 'é amorphots phase 298 K, trigonal for x <
=3 FAPb(I;Bry)3 o XP= 03 tlg o8 0.3, cubic for x > 0.5, [34]
’ ’ possibly metastable
o e FAp.83Cs0.17Pb(11xBrx)3 298 K, (cubic) [35]
eE8 FAo.7sMAg.15Cs0.10Pb(lo.83Br0.17)3 298 K (cubic) [36]
S g 298 K (not
S ®  FA¢75MA(15Cs0.05Rbo.05Pb(lo.83Bro.17)3 specified) [37]

Also, the addition of additives in both perovskites, or the charge selective layers, was
largely investigated. For instance, the use of hydrophobic ionic liquid have been proved
to be effective in order to both enhance device stability and efficiency [38]. Besides all,
encapsulation of this PSC device is one of the top priorities to improve and maintain
its stability.

Encapsulation needs to ensure long term reliability and increase the production yield
with the lowest cost. Since PV modules work in any type of outdoor environments, they
can be susceptible to environmental conditions that could lead to degradation, which then
negatively affect the performance and lifetime of the device. Furthermore, maintaining
the solar cell’s flexibility and transparency become an additional challenge to maximize
the solar cell performance. Even if nowadays most PSCs are fabricated on rigid glass
substrates, it has to be considered that next generation encapsulation method should
also be compatible with roll-to-roll (R2R) processing, which can manufacture thin-film
PSC modules at large scale and make solar electricity economically competitive with
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conventional electricity generation. Front sheets and back sheets are the most exposed
parts among any other parts that constitute PSCs.

Different types of filler materials are added as additives for both encapsulants and edge
seals specifically designed for PSC module applications. Also, it is important to understand
the interfacial chemistry as moisture penetrates through the interfacial regions between the
adhesive materials (encapsulants and edge seals) and front sheets and back sheets.

For all the reasons listed above, it is important to have a comprehensive knowledge of
the encapsulant chemistry in order to understand the moisture, thermal, and UV stability
of the packaging materials for PSCs. The following section reviews the effective strategies
to measure and prevent the thermal, chemical, and environmental stability of perovskite-
based devices, which serves as useful guideline to future research to fabricate PSCs to meet
commercial demands.

2. Stability

Unlike silicon solar cells, the outdoor lifetime of perovskite solar cells is influenced
by the varying weather conditions at different geographic locations. Therefore, in order
to fulfil the minimum requirements, inter-laboratory collaborations are paramount to
determine the viability of this technology at industrial scale.

Presently, passing the IEC 61215:2016, which lays down requirements for the design
qualification and type approval of terrestrial photovoltaic modules suitable for long-term
operation in general open-air climates, is necessary for the commercialization of any solar
device. Because perovskite solar cells are 500 times thinner than silicon cells, they could be
used as a coating on other solar cell technology (e.g., silicon tandem cells) as well as other
energy harvesting options where the exposure to harsh conditions are avoided, such as
building-integrated photovoltaics or indoor applications.

In this context, instabilities provoked by external conditions such as high temperature
and high humidity (>85%RH), tend to induce a collapse of the crystal structure, following
the proposed degradation reactions (Table 2). In addition, under prolonged light exposure,
perovskite solar cells suffer from ion migration, entangling high hysteresis, and high
recombination processes. Therefore, specific standard tests are needed such as longer light
exposure times.

Currently, to certify a third generation of solar cells, samples were kept at room
temperature of 25 &£ 2 °C. The current density-voltage j-V curve is measured under light
with 1000 £ 100 W-m~2 in accordance with IEC 60904-1:2020; that describes procedures
for the measurement of current-voltage characteristics (I-V curves) of photovoltaic (PV)
devices in natural or simulated sunlight. Nevertheless, a more specific norm, IEC TR
63228:2019, summarizes current perspectives on the performance evaluation of emerging
PV technologies, specifically OPV, DSC, and PSC devices.

In particular, to untangle undesired underlying recombination processes, perovskite
devices should be measured under real working conditions at maximum power point
(MPP) for at least 100 h to account for the different ionic movements, slow and fast, in
the perovskite and also a deep study of the device in dark conditions to check possible
current leakages.

According to IEC 61215:2016, samples should pass a series of test depending on the
external inputs, temperature, humidity or UV-exposure. Specifically, the norm is divided
in sequences and each sequence contains several stress tests aiming specifically for one of
the identified main degradation causes that frequently occurs.

Sequence A, the control sequence, contains mild conditions to provide basic characterisation.
Sequence B tests hot-spots and outdoor behaviour.

Sequence C combines several stress tests where the modules are first preconditioned
with UV light and then subjected to 50 thermal and 10 humidity freeze cycles.
Sequence D contains 200 thermal cycles.

Sequence E is the damp-heat test together with the mechanical stability tests (hail test
and mechanical load test).
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Table 2. Summary of the test performed at the IEC 61215:2016, the chemical reaction proposed depending on the external
parameter [39].

Temperature

Thermal cycling test.
The modules are brought into a climatic chamber with
temperature control. Air circulates inside to minimize
condensation. The modules are cycled 50 (Sequence C) or
200 times (Sequence D) between —40 to 85 °C with at least a
dwell time of 10 min.
At temperatures higher than 150 °C, the perovskite readily decomposes in an endothermic reaction into its components Pbly,
CH3NH;, and HI. In addition, temperature cycling induces encapsulation delamination entailing iodine loses [40].

CH3NH;PbIy (s) 3 Pbl, (s) + CH3NH, (3) + HI (g)

Humidity

. Damp heat test. () CH3NH3Pbl3 (s) "2 Pbly (s) + CH3NH;I (ag)
Humidity exposure on a long-time scale is tested. The module is (b) CH3NHsl (aq) — CH3;NH, (aq) + HI (aq)

held at 85 +2°C ata RH of 85 & 5% for 1000-1048 h. © 4HI (aq) + Oy — 2L (s) + HyO (ag)
Afterwards, the module is recovered for2to4 h at 23 &5 °C o
and a RH of less than 75% at short-circuit. (d) 2HI(aq) = Ha(g) + I (s)

Water molecules easily penetrate the perovskite structure and form an intermediate monohydrate and dihydrate perovskite.
Although theses intermediates are reversible after dry conditions, water molecules weak the bond between the cation and the Pblg,
allowing for faster deprotonation of the organic cation.

UV-light

UV preconditioning. a) CH3;NHsPbly (s) 3 Pbl, (s) + CH3NH;, (g) + HI
The cells are exposed to UV-light before 50 thermal cycles and @ ’ ho 3PDIs (s) 2 (6) 3NHz (8) (&)
by 2I7 =D (s) + 2~

the humidity freeze test. With this, materials and adhesive

bonds, that are prone to degrade under UV light, can be (0 CH3NHz %t (s) Ly 3CH3NH; () + 3H™ (g)
identified. The module is kept at 60 & 5 °C. (d) I™ + L(s) + 3H" + 2¢~ —3HI(g)

The effect of UV light on perovskite solar cell stability is most significant when combined with other factors (e.g., moisture or
oxygen exposure). Moreover, two-stage UV degradation process should be avoided in TiO,-based perovskites devices.

Although several studies have determined the stability of perovskite solar cells under
certain conditions, the combination of some of them will entail the degradation of the
perovskite layer and therefore the loss of the opto-electronic properties. In addition, some
studies suggest the importance of investigating how perovskite solar cells behave under
mechanical load. It is highly unlikely that a solar cell will be commercialized, which
degrades or breaks under mechanical load.

In recent years, several effort have been invested in the development of encapsulation
procedures compatible with the stability of perovskite material [41,42]. It is well known
the high sensitivity to light, high temperature and polar solvents which limits the used
of well-stablished sealants (e.g., based on PIB, polyurethane, silicone, and MS polymer
technologies, as well as acrylic and butyl tapes). It has been demonstrated [43] that
solar cells encapsulated with a stiffer ionomer, such as Surlyn60® or SentryGlas® Plus
(SGP), severely decreased in performance, mainly due to the heating of the cell at the
curing temperature (100 °C) of the thermoplastic sealant as well as delamination after
temperature cycling, which facilitates the inclusion of water molecules. However, the
solar cells encapsulated in softer polymers withstood temperature cycling and retained
above 85% of their initial performance after several temperature cycles. Nevertheless,
due to intrinsic instabilities, a careful and complicated encapsulation system, developed
by employing the combination of a desiccant material and UV epoxy resin, exhibited
significantly improved stability [44—46].

Bearing all this in mind, the possibility of using perovskite solar cells in facade and
indoor applications becoming a short-term objective is quite feasible. In the context of
smart windows, the bandgap tuneability of perovskite material brings the possibility to
easily synthesized perovskite film with different colors. Jacobson et al. [47] published a
seminal work focused on the chemical management of MAPb(I;_4Bry)s perovskites layer.
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The authors successfully tuned the onset absorption band of the perovskites from 786 nm
(1.58 eV) to 544 nm (2.28 eV) by tuning the Br content (Figure 2f).
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Figure 2. (a) Schematic representation of polymer addition in MAPbI3. Visual image of the perovskite
layers with (b) routine concentration of 1.2 m (=400 nm perovskite thickness; (c) 0.5 m perovskite with
P(VDE-TrFE) (=150 nm perovskite thickness) showing semi-transparent effect and (d) transmittance
spectra of two different concentrations of MAPbI3 and with P(VDF-TrFE) [48]. (e) A pilot installation
of perovskite solar cell in Spark office building’s facade in Warsaw (Reproduced with permission
of [37] and (f) a photo of the fabricated cells, with different perovskite composition, showing the
appearance in reflected light. Reproduced with permission of [47].

Besides its bandgap tunability, perovskite solar cells are attention-grabbing due to
their high efficiency and excellent transparency. For example, semi-transparent solar cells
can be synthesized by the incorporation of polyvinylidene fluoride—trifluoro ethylene
polymer, P(VDFTTFE), as an additive to control the crystal formation of the low concen-
tration perovskite solution. This approach improves the coverage as well as increases the
crystal size, reducing the grain boundaries of the deposited visible-light-semi-transparent
perovskite films through one-step method (Figure 2a-d).

As a real application example (Figure 2e), Saule Technologies [49] installed a cutting-
edge perovskite solar panel on the Spark’s office building’s facade in Warsaw, which
demonstrates that perovskite technology has potential benefits such as lower energy costs
that lead to lower carbon footprints. However, current perovskite-based BIPVs mainly
employ lead-based components owing to their ability to deliver high PV performances.
Considering their toxicity, it is important to develop lead-free perovskites that can exhibit
high PV performance, excellent stability, and low costs [50]. Very recently, Yang et al. [51]
improved considerably the stability of tin based perovskite by the addition of a natural
phenol and antioxidant (Catechin) into the perovskite layer to suppress oxidation of Sn?*
to Sn**. In addition, when sample were irradiated by indoor lighting (1000 1x), they
exhibited a maximum PCE approaching 12.81%, paving the way for indoor and lead-
free photovoltaics.

The main reason of this PCE improvement when compared with other technologies
is the following. Crystalline silicon or GaAs-based solar cells absorb in the red region of
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the visible light and at near-infrared wavelengths, which makes them suitable for outdoor
photovoltaics. On the other hand, 3rd generation photovoltaics (organic photovoltaics
(OPV), dye sensitized solar cells (DSSC) and perovskite solar cells (PSC)), behave efficiently
in the visible range between 400 and 650 nm, which correspond to the largest part of indoor
illumination spectra (originating from fluorescent lamps, LEDs and light passing through
the windows). However, the location of the PV cell in the room, its orientation, indoor
obstacles, etc., can all influence the performance. Therefore, new configuration should be
studied in order to boost the devices’ performance under indoor lighting. In this context,
Jagadamma et al. [52] fabricated highly efficient indoor perovskite-based devices (PCE 23%)
using p-i-n structure, being the hole selective layer a very thin layer of NiO (~6 nm). The
authors suggested that the low recombination rate and fast extraction of photogenerated
carriers by NiO is particularly suitable for low intensity indoor illumination. In addition,
the low process temperature (100 °C) mainly due to the annealing process of the perovskite
layer, make them also suitable for flexible devices.

One step forward is presented by Castro-Hermosa et al. [53] where developed per-
ovskite solar cells are put on ultra-thin flexible glass (FGPSCs) for highly efficient indoor
energy harvesting. Th authors also compared the power conversion efficiency with differ-
ent light illumination, obtaining 14.4, 20, and 22% at 100 kix (1 sun), and under artificial
white LED indoor illumination 200 and 400 1x illuminance, respectively.

Considering the rapid improvements on both efficiency and stability and considering
that a theoretical maximum efficiency of up to 52% has been predicted under 1000 Ix cool
white LEDs with a bandgap ~1.9 eV, it is expected that these emerging PV technologies
can be considered a commercially viable product for use in a broad range of indoor PV
applications in the near future [54].

3. Up-Scaling Encapsulation Techniques

Towards the industrialization of perovskite solar cells (PSCs), encapsulation coatings
should act as a barrier for the degradation factors affecting their long-term stability during
real environmental working conditions. The cathode interface and the active layer are
the main targets to protect against the deterioration caused by the extrinsic factors as UV-
light, temperature, oxygen, and moisture [55,56]. On the other hand, bulk and interfacial
engineering can be developed to reduce the intrinsic weaknesses of perovskite material
itself, preventing issues related with Pb leakage [57,58]. An inherently more stable crystal
structure, together with an increased robustness of the selective contacts, can also be
addressed from the encapsulation point of view [59-61]. For this purpose, the selection
of the encapsulation material and its technological application are subjected to certain
requirements that cannot be overlooked (Table 3). Regarding the material characteristics,
the oxygen transmission rate (OTR) and the water vapor transmission rate (WVTR) are the
main parameters to evaluate. To guarantee low values of the absorptivity and permeability
of both environmental factors, these two parameters need to be placed between the limits
of 1074107 cm®* m2.d l-atm~! and 1073-10"° g~m’2-d’1, respectively [62,63]. In
addition, the material selected should also be able to absorb fluctuation in strain energy,
avoiding mechanical damage during stability tests [64]. To this regard, organic materials,
when compared to their inorganic counterparts, present higher versatility due to the
tunable synthesis of the organic molecules by varying their energy levels, molecular
weight, and solubility [65]. In addition, they show minor impact on the environment being
as well as being more disposable [66]. Glass transition temperature (Tg) of the selected
material should also be known in terms of the maximum possible exposure temperature
and its effect on its mechanical behavior. The light transmission through the encapsulation
materials should not affect the device performance. The material also needs to present
a high resistance to UV and thermal oxidation, coupled with a high adhesion to the
perovskite module to prevent delamination processes during stability tests and operation
conditions [56,67].
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Table 3. Requirements for encapsulant material and technological approaches for sustainable and
large-scale encapsulation processes.

Material Technology

Suitable patterning strategy:

Good processability - Top encapsulant barriers

- Edge sealing
Chemical inertness Cleanness of PSC edges
Low oxygen transmission rate (OTR) Large-scale applicability
Low water vapor transmission rate (WVTR) Reduced fabrication costs

Total light transmission
High dielectric constant
Resistance to UV and thermal oxidation
Good mechanical strength
High adhesion to PSC modules
Similar coefficient of thermal expansion of PSC materials
High flexibility

The technological approaches should also match with several necessities in terms
of stability and large-scale suitability. During the encapsulation process, photochemical
and thermal damage to the PSCs must be avoided, as well as water and oxygen penetra-
tion through the device sides. The coating should have hermetic characteristics, which
can be categorized in two main groups: gross and fine leaks, regarding the size of the
leak’s channels for oxygen and moisture entering. Values above 107> atm-cm3-s~! are
considered as gross leaks, while fine leaks can be divided into: (a) non-hermetic: between
107°-1077 atm-cm®-s~! and (b) hermetic: below 10~7 atm-cm3-s~1 [68,69]. In this regard,
blanket encapsulation patterns have been reported as the best option to create a pressure-
tight environment, avoiding moisture entering and preventing as well the leakage of any
volatile materials from the perovskite device. In fact, this technological approach unifies
the functionalities of the two representative packaging systems: top encapsulant barriers
and edge sealing [70,71]. The top encapsulant barrier consists of a thin protective layer
deposited on top of the module and the edge sealant is placed around the device, bonded
to a cover substrate to delay moisture ingress.

To check the reliability of the requirements above mentioned, the standard testing
stablished by the International Electrotechnical Commission (IEC) and the International
Summit on Organic Photovoltaic Stability (ISOS) (IEC 61215 norm and ISOS protocol) need
to be performed, as explained in detail in the previous section [29].

In the following, glass-to-glass, polymer, and thin-film encapsulation, as the three
main encapsulation strategies, are summarized remarking in each of them the most suitable
and efficient techniques developed for large-scale perovskite solar cell production.

3.1. Glass-to-Glass Encapsulation

Glass-to-glass encapsulation consists in inserting the solar device between two glass
sheets. Originally from silicon technology, this strategy allows to retain 95% of the power
conversion efficiency of silicon solar cells after 20 years [72]. Currently, it is also one
of the most extensively used strategies to improve the long-term stability of perovskite
devices. However, this process requires high temperatures to be performed (>100 °C),
which increase the challenge to make this encapsulation process fully compatible with
temperature-sensitive PSCs. To this regard, several thermo-curable or UV-curable sealants
for the top encapsulant barrier have been developed (e.g., ethylene vinyl acetate (EVA),
Surlyn ionomer, butyl rubber, and polyisobutylene (PIB), Ossila E132 resin, epoxy resin or
epoxy glue) [45,70,71,73,74] and also different edge sealants like butyl rubber, PIB, or UV
epoxy adhesives [75].
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In Figure 3 are presented three of the most advanced and effective glass-to-glass
methods to ensure most of the requirements be scalable and fully compatible with a wide
range of perovskite materials.
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Figure 3. Glass-to-glass encapsulation methods. (a) Schematic illustration of polyisobutylene (PIB) blanket used as cover
encapsulant and edge sealant for perovskite solar cell and its corresponding normalized PCE during thermal cycle test.
Reproduced with permission of Ref. [45]. (b) Top-row of glass-to-glass encapsulation of PSC with UV-curable epoxy edge
sealant and its corresponding normalized PCE during stability test. Reproduced with permission of Ref. [75]. (c) Scheme of

laser-assisted glass frit sealing process with dual laser beam configuration and its corresponding normalized PCE during

stability test. Reproduced with permission of Ref. [76].

Anita W. Y. Ho-Baillie and co-workers developed a glass-to-glass encapsulation tech-
nique using high performance polyisobutylene (PIB) as either an edge seal or blanket layer
employing low temperature (Figure 3a) [45]. The PIB material is already used in the Cooper
Indium Gallium Selenide (CIGS) thin films modules, but here the effectiveness of the glass-
PIB-glass encapsulation was investigated on planar glass/FTO/TiO,/FAPbl;/PTAA/Au
perovskite solar cells; comparing as well with the usual EVA and UV-cured epoxy materials.
The PIB material was acquired as a tape, so the adaptation to the device dimensions was
very simple. They directly cut the PIB and placed, covering the glass to finally protect the
PSC. To avoid bubbles and ensure a good bonding, the complete structure was hot-pressed
in a solar module laminator.

The complete encapsulated device was tested according to IEC61215:2016; performing
two accelerated life time tests, damp heat (DH) and thermal cycling (TC). Compared with
EVA or UV-cured epoxy, PIB seems to be inert in terms of reactivity with perovskite device.
The average PCE before and after the encapsulation (thermal annealing) maintain similar
values, but important phenomenon occurred: the performance during the reverse scan
(from Vo to Jsc) decreases while increasing during the forward scan (from Jsc to Voc),
leading to a reduced hysteresis index. The appearance of this phenomenon is already
known as inverted hysteresis (IH) and has been recently related with an activated process
due to ionic diffusion [77]. Even so, the method proposed here shows easy application,
sustainability for up-scaling and it can be performed at low temperature, which is critical
to avoid perovskite thermal decomposition, and under minimal cost.

The second glass-to-glass method, showed in Figure 3b, uses as well a low temperature
encapsulation process, but employing a UV-curable epoxy as edge sealant [75]. In this
work, the authors described how the UV irradiation induces the crosslinking of the epoxy,
leading to maintain 85% of the original PCE of a free-HTL MAPbI; perovskite device,
using TiO, as ESL. The effectiveness of the UV-curable epoxy resin lies in the prevention
of moisture ingress, enhancing the device stability proved during 70 days. However, the
stability tests performed here do not correspond with the current requirements, being
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performed just aging the PSC at 30 °C under 50% of relative humidity (%RH). Even so,
further stability tests according to IEC 61215 norm and ISOS protocol, need to be completed
to confirm the reliability of this method.

In Figure 3c is shown one of the latest glass-to-glass encapsulation methods reported
in the literature. In this work the authors go beyond low temperature, performing the
process in less than a minute. The achievement is carried out using a sealing process
based in a laser beam, which allows to perform the glass grift encapsulation process at
temperatures below 65 °C for a period lower than 60 s [76]. The authors demonstrate
here the viability of the process not only for large-scale application, but also for all kind
of perovskite formulations, even for the most temperature-sensitive ones and also for a
wider range of HSL materials. The stability tests were carried out according to the thermal
cycling test of the IEC 61215 standard, showing a PCE loss of 16% attributed by the authors
to a partial degradation of the PTAA material.

However, despite the successful methods mentioned above, due to the rise of flexible
substrates in the perovskite technology, rigid glass is being replaced by flexible films.

3.2. Polymer Encapsulation

The polymer encapsulation technique outstands for its versatility regarding the se-
lected polymeric material and also its final functionality. In fact, the polymer can be applied
both as substrate and as encapsulating layer. Due to their flexibility, the main deposition
method to deposit is through roll-to-roll lamination to obtain a final flexible device. Several
types of polymers can be used for this purpose such as: poly(methyl methacrylate (PMMA),
polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE), polycarbonate (PC),
polydimethylsiloxane (PDMS), ethylene-vinyl alcohol copolymer (EVOH), polyethylene-
naphthalate (PEN), flexible polymer-based hybrid multilayers, and polymer composites.
However, this encapsulation strategy, among its great potential for large-scale and low cost,
still involves some important challenges that need to be solved. Some of the plastic films
like PET present high-water vapor transmission rate (WVTR), so it is necessary to modify
the top polymer layer to improve the barrier for moisture. On the other hand, and similar
to glass-to-glass strategy, polymer encapsulation technique using thermo-curable adhesives
to seal transparent thermoplastic barrier foils, requires high temperature processes leading
to the thermal degradation of the perovskite material. Therefore, encapsulation tactics
relying on low-temperature lamination have been developed lately.

In 2015, Weerasinghe and co-workers already published a successful polymer encap-
sulation method using an indium-doped zinc oxide coated polyethylene terephthalate
(IZO-PET) suitable for roll-to-roll deposition methods (Figure 4a) [78]. They reported an
improved perovskite life-time under ambient conditions, demonstrated through the Ca test,
which can reveal, the pathways for moisture ingress [29]. However, the thermal stability of
the perovskite device was not proved here, breaking the current stability test requirements
lately stablished.

To this regard, Tian and co-workers (Figure 4b) proposed a facile method to improve
the stability of a MAPbI(3_,)Brx film, demonstrating a successful maintenance of its tetrag-
onal structure after heating at 240 °C for 180 min in ambient conditions [79]. In addition,
they also show an impressive stability of the perovskite material in deionized water (DI),
maintaining the 89.3% of the original PCE during 1800 s. The encapsulation strategy is
based in the commercial Kapton polyamide tape (PI) with silicon adhesive, which was
directly applied onto the perovskite device. The authors attributed this achievement to
the formation of a closet system, able to prevent the diffusion of water molecules into
the perovskite structure, suppressing as well the diffusion path of the volatile organic
components of the perovskite and enhancing the thermal stability of the cell.
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Figure 4. Polymer encapsulation methods. (a) Scheme of a flexible indium-doped, zinc oxide-coated polyethylene

terephthalate (IZO-PET) barrier encapsulant film with integrated adhesive. Reproduced with permission of Ref. [78]. (b)

Scheme of adhesive encapsulation by employing commercial polyimide tape on perovskite solar cells and its corresponding

normalized PCE during stability test. Reproduced with permission of Ref. [79]. (¢) Layouts used to measure degradation of
calcium sensors (left) and perovskite solar cells (PSC, right). Different barriers used, including PET, glass, and ultra-high
permeation barrier films (UHPBF). Reproduced with permission of Ref. [80].

In a more advanced approach, Brown and co-workers reported recently the potential
of transparent flexible ultra-high permeation barrier films (UHPBF) (Figure 4c) applied
to substrates with adhesive resins [80]. Compared with polyethylene terephthalate and
glass barriers, they demonstrated that introducing an additional adhesion-promoting
layer on the standard UHPBF stack reduces WVTRs by a factor of 5 compared to barriers
without it. The stability test was performed according to the ISOS (International Summit
on Organic Photovoltaics Stability)-D-1 shelf life test. Upon the successful result obtained
with the UHPBE, important remarks have to consider regarding the barrier orientation,
manipulation, and storage.

3.3. Thin-Film Encapsulation

The thin-film encapsulation strategy (TFE) presents great advantages compared with
its counterparts previously described. This technique allows to obtain barrier layers with
very low values of WVTR and OTR. It can be performed directly depositing a single film or
multi-layers on top of perovskite devices. One of the most remarkable characteristics of TFE
is the variety in the deposition technique itself. The enormous variety of materials that can
be employed as barrier (i.e., Al,O3, SiOx, TiO,, or organic-inorganic hybrid polymer layers)
leads to performing chemical or physical vapor deposition (CVD, PVD), plasma-enhanced
chemical vapor deposition (PECVD), or atomic layer deposition (ALD) [44,81,82]. However,
due to the complexity of this deposition strategy for large-scale purposes and the high cost
from the vacuum systems used, further investigations should be developed in order to
increase the applicability of this advanced method. Even so, in the following are described
three of the most suitable examples for this purpose until date.

In 2016, Djurisic and co-workers (Figure 5a) reported an ~80% PCE of the original one
after 48 h under continuous illumination, 85 °C, and relative humidity of 65% [83]. The
perovskite devices were protected by a SiO, film encapsulated with a UV-curable epoxy
including a desiccant sheet. Upon the good results demonstrated through the established
international summit on organic photovoltaic stability (ISOS) protocols for organic solar
cell testing (ISOS-L2 and ISOS-O1); the authors realized that the method performed is
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not equally effective for ZnO-based devices, showing lower stability than TiO, under the
same conditions.
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Figure 5. Thin-film encapsulation methods. (a) Diagram of the encapsulated cells with its corresponding average PCE

during stability test. Reproduced with permission of Ref. [83]. (b) Schematic representation of semi-transparent (ST)
perovskite solar cell by ALD technology to deposit ZnO and Al,O3. Reproduced with permission of Ref. [84]. (c) Schematic
design of the packaged PSC (on the right), and cross-sectional SEM image of the TFE multilayer. Reproduced with

permission of Ref. [85].

An example of an ALD deposition for encapsulation purposes is represented in
Figure 5b. Here, Chang and co-workers reported the application of ALD to deposit ZnO
and Al,Oj films as cathode buffer layer (CBL) and encapsulation layer, respectively, in an
inverted planar perovskite configuration [84]. The authors noticed several advantages of
this technique for the use in PSCs, including plastic-compatible processing temperature
(80 °C), high charge selectivity, good electron-transporting ability, and excellent film cov-
erage, performing as well with an OTR and WVTR low enough to improve the stability
of the devices. The main advantage of this tactic is the possibility to manufacture the
encapsulation stack in advance.

One of the latest approaches of TFE was reported by Lee et. al. in 2018. They
proposed a multilayer stack of organic/inorganic layers deposited by initiated chemical
vapor deposition (iCVD) and ALD, respectively [85]. The main target of their work was to
remark the necessity to maximize the barrier performance of the TFE, while minimizing
the PSC damage during the deposition of the inorganic layer. Coupling the iCVD with the
ALD, they reported a PSC with a substantially enhanced long-term stability for 300 h under
accelerated condition of 50 °C and 50% RH. The key of this work was the low-temperature
fabrication (40 and 60 °C for iCVD and ALD, respectively), leading to a suitable WVTR
and a PSC maintained 97% of its initial one.

4. Conclusions

Up to now, PSCs suffer outdoor instability since they are susceptible to harsh environ-
mental conditions such as an extreme amount of UV rays, temperature, and high humidity.
Attaining higher efficiency along with maintaining the stability throughout is a great chal-
lenge. Encapsulation of perovskite solar cells can play an effective role in improving the
long term stability, since it can act as a barrier layer by restricting the diffusion of oxygen
and moisture, resulting in the protection of the cathode interface and the active layer from
deterioration. Herein, we provided a useful guide on the standard tests in order to certify
PSCs stability in a unified and conventional way. Also, we overview the best and most used
encapsulating materials and methods used to attain long-term PSCs operational lifetime.
We believe that a thorough knowledge and understanding of the issues related with the
different type of encapsulant is an essential requisite in order to improve PSCs stability
and pave the way to the commercialization of this promising technology.
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