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Abstract
Organometal halide perovskite solar cells (PSCs) have emerged as promising candidates for
next-generation thin-film solar cells. Over the past ten years, the efficiency of PSCs has increased
from 3.8% to over 25% through the optimization of the perovskite film formulation and the
engineering of suitable fabrication strategies and device architectures. However, the relatively poor
long-term device stability, which has not been able to exceed some hundreds of hours until now,
represents one of the key aspects still hampering their widespread diffusion to commercial contexts.

After briefly introducing the origin and basic mechanisms behind PSC degradation and
performance decline, a systematic outline and classification of the available strategies to improve
the long-term stability of this class of photovoltaic devices will be presented, mainly focusing on
encapsulation procedures. Indeed, the aim of this review is to offer an in-depth and updated
account of the existing encapsulation methods for PSCs according to the present understanding of
reliability issues. More specifically, an analysis of currently available encapsulation materials and on
their role in limiting the penetration of UV light and external agents, such as water vapour and
oxygen, will be proposed. In addition, a thorough discussion on various encapsulation techniques
and configurations will be presented, highlighting specific strengths and limitations of the different
approaches. Finally, possible routes for future research to enhance the effectiveness of the most
performing encapsulation procedures will be suggested and new paths to be explored for further
improvements in the field will be proposed.

1. Introduction

Organometal halide perovskite solar cells (PSCs) are photovoltaic (PV) devices incorporating a
perovskite-structured compound with generic chemical formula ABX3 as light-harvesting active layer. In this
area, methyl-ammonium-lead-iodide (MAPbI3) is to date the most commonly used and studied material
platform for use as light absorber in such devices. At present, high power conversion efficiencies (PCEs) of
over 21% have been reported with this system [1], which is however prone to pronounced thermal and
moisture instability [2–6]. In this regard, efforts in this field have been focused on composition engineering
of hybrid perovskites to pursue a more performing and more stable system for PV applications. Notably, the
present tendency is to replace MAPbI3 with formamidinium-lead-iodide (FAPbI3) [7–9] or other potential
absorbers such as Caesium-formamidinium-lead-halide perovskites [10–12] and triple-cation perovskites
[13–15]. Within this framework, tuning the composition and relative concentration of organic cations or
halide anions in perovskite compounds is currently a largely established strategy [9, 16–18]. Indeed, the best
performing PSCs are to-date lead-based (that is B= Pb) and are composed of mixtures of
methylammonium CH3NH3

+ (MA), formamidinium HC(NH2)2+ (FA), Rubidium Rb+ (Rb) and/or
Caesium Cs+ (Cs) monovalent cations on the A site and iodide I-, chloride Cl- and/or bromide Br-

monovalent halogen anions on the X site, FA1-x-y-zMAzCsyRbxPb(I1-x-yBrxCly)3 [19–22]. These compounds
have been demonstrated to enable a black tetragonal photoactive perovskite phase featuring enhanced
thermal and photo stability [23]. Alternatively, the design of 2D, 1D and 0D layered perovskite materials has
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recently been considered as a promising option to fabricate perovskite compounds characterized by
improved stability [16, 24–32].

Recently, PSCs have been identified as promising candidates for next-generation thin-film solar cells. The
prospective low material costs, ease of processability [33] and excellent photon energy utilisation, that
approaches the values of state-of-the-art technologies (such as GaAs) [34], make PSCs a viable and
potentially cost-effective alternative to some consolidated, existing PV technologies [35, 36].

Research in the field of PSC materials and devices in the past decade have led to an impressive increase in
their PCE, through the development of novel perovskite formulations, the engineering of suitable interface
materials and fabrication procedures, and the progress in advanced device architectures. Since 2009 [37],
their PCE has grown from 3.8% to 25.2% [38], now exceeding the performance of conventional thin-film
solar cells such as copper-indium-gallium-selenide (CIGS) solar cells (23.4%), and approaching that of
monocrystalline silicon solar cells (26.1% for single-junction silicon cells without concentrators) [39].

In spite of these notable advancements, the severe instability of PSCs to environmental factors (moisture,
UV light, oxygen, and temperature) represents one of the most critical factors currently hampering their
widespread commercialization. Indeed, under ambient conditions PSCs undergo significant morphological
and structural changes, optical absorption decay, and deterioration of the opto-electronic properties, which
negatively affect their PV performance [4, 40–43].

For what concerns moisture, as demonstrated in previous reports [44–46], due to the inherent
hygroscopic nature of the organic cation, in the presence of water perovskites tend to hydrolyse back to their
precursors. Specifically, water can penetrate the perovskite lattice to form mono and dihydrated perovskite
phases in which the organic cations are no longer strongly bonded to the I- of the inorganic octahedra, but
they interact through hydrogen bonding with water molecules forming water-cation chains. As a result, the
phase segregation of PbI2 crystals takes place, too. Moreover, as proposed by Walsh et al [47], water can also
deprotonate the methylammonium cation, breaking bonds between the A site and the lead halide octahedra
to produce methylamine, while it can protonate any excess iodide to form hydriodic acid. Both of these
compounds are highly volatile at room temperature. Consequently, in an open system, the continuous release
of these gases can drive the decomposition reaction forward and completely degrade the perovskite layer.

Oxygen molecules can also cause the decomposition of perovskite materials, if the latter is exposed to
light and dry air. In fact, the combination of molecular oxygen and light leads to a photo-oxidation process,
where a photoexcited electron in the conduction band of the perovskite reacts with molecular oxygen to form
superoxide (O2

-). These superoxide anions can then initiate the decomposition of perovskite by
deprotonation reaction with organic cations, yielding the formation of lead iodide PbI2, iodine, water
molecule and methylamine gas [48, 49].

In addition, most perovskites cannot endure high temperature (i.e. temperature higher than
130 ◦C–170 ◦C depending on the perovskite composition) due to the generation of thermal stresses
provoked by the phase transition of their crystalline structure upon heating [26, 50, 51]. As reported by
Conings and coworkers [52], these thermal stresses can induce the degradation of the perovskite active layer,
leading to the evolution of volatile organic species and to segregation of PbI2 and even of some metallic Pb(0)
clusters. This process is greatly accelerated in the presence of either oxygen or water, which interact with the
organic part of the structure via complex formation and hydrogen bonding, ultimately disrupting the
perovskite crystal lattice and reducing the attraction between inorganic octahedra and the organic cations, as
previously described [46, 53]. Moreover, PSC devices can significantly degrade even in inert atmosphere
while heating to temperatures comparable to the higher range of operational temperatures in full sunlight
(∼85 ◦C). In this case, the decomposition occurs due to thermal instability of their organic constituents,
mainly the 2,2′,7,7′-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (spiro-OMeTAD) hole
transport layer (HTL) [54, 55].

Finally, continuous UV light irradiation causes non-stoichiometry induced defects in some types of
electron transport layers (ETLs), e.g. in mesoporous/planar TiO2, and the consequent compromise of the
device performances. Specifically, as firstly studied by Snaith’s group [56], UV excitation is responsible for
the creation of a large density of deep trap sites in the meso-TiO2 for the injected electrons, which leads to
performance decline upon continuous exposure.

Considering this discussion and the present understanding of the degradation mechanisms of perovskite
materials and devices, improving the long-term stability of PSCs represents one of the most urgent and
crucial issues faced by this field at present. The current strategies to prevent degradation and enhance device
lifetime fall into two broad categories [57]:

(a) intrinsic approaches, which explore the possibility to reduce the innate vulnerabilities of perovskite
materials by modifying formulation stoichiometry and composition, so as to achieve inherently more
stable crystal structures [6, 9, 46, 58] (e.g. low-dimensional-networked perovskites [27, 32, 59, 60]), by
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selecting appropriate manufacturing techniques [61, 62], by employing highly-performing HTLs and
ETLs [63–65], by properly engineering interfaces [57, 66, 67] and by incorporating suitable buffer layers
between the perovskite film and HTL or ETL [68].

(b) extrinsic approaches, which allow to enhance the stability of PSCs through appropriate encapsulation
methods, and rely on the application of materials and structures characterized by high barrier perform-
ance towards moisture, oxygen, UV light and temperature, ultimately resulting in the protection of the
cathode interface and the active layer from deterioration [46, 69].

This perspective aims to summarize the extensive progress made in the area of PSC stabilization,
specifically focusing on the use of encapsulation as versatile protective strategy operating on the complete
PSC device. More specifically, we will provide an overview of the encapsulation materials and routes that
have been explored to date, highlighting the strengths and the weaknesses of the presented approaches, and
providing possible guidelines for future research in this important field.

2. Encapsulation requirements

Encapsulation has been demonstrated to play a fundamental role in avoiding degradation or improving
stability for a number of different PV technologies [20, 70–75]. Thus, it is considered as a promising way to
circumvent instability issues in the case of PSCs as well [69]. If properly designed, encapsulation films or
coatings can act as barrier layers limiting the diffusion of oxygen and moisture, preventing the penetration of
UV light, reducing the sensitivity to sharp thermal fluctuations and also inhibiting the irreversible escape of
volatile decomposition products possibly forming from the perovskite materials, ultimately resulting in the
protection of the electrode interface and the active layer [70].

High-performance encapsulation materials should possess good processability, excellent chemical
inertness and high barrier performance for oxygen and moisture, which means reasonably low water and
oxygen absorptivity and permeability [76]. In this context, two reference figures of merit are the oxygen
transmission rate (OTR) and the water vapour transmission rate (WVTR) which must be in the order of
10−4–10−6 cm3 m−2d−1 atm−1 and 10−3–10−6 gm−2d−1, respectively, in order to guarantee optimum
encapsulation performance [77]. Indeed, the barrier performance of encapsulant materials strongly affects
the lifetime of PSC devices. In particular, the rate of PCE decline for the encapsulated PSCs has been
demonstrated to depend on the WVTR of the barrier-sealant system according to the following empirical
expression [78]:

DR[%d−1] =
DRmax · WVTRn

(WVTR50)
n
+ WVTRn

where DR stands for PCE degradation rate of the PSC device, DRmax for the maximum DR
(corresponding to the PCE DR gauged for the unencapsulated sample), WVTR50 for the WVTR value when
DR is 50% of DRmax, and n is the coefficient of this Hill function controlling the sigmoidicity of curve. This
relationship is extremely useful to design new high performing encapsulation barriers and sealant systems
and to predict their degradation rate in dark conditions and at room temperature and ambient humidity.
However, it must be pointed out that this is an empirical expression valid only under given encapsulation and
testing conditions (that is, those used to build this expression). To assess the influence of the performance of
barriers on the lifetime of the PSCs under different encapsulation setups (i.e. edge sealing), PSC architectures
(i.e. inverted p-i-n structure) and test conditions (i.e. different temperatures, humidity and irradiation), and
therefore to extract phenomenological relations between the two rates in different settings, further systematic
studies on WVTRs of encapsulation systems and on degradation of packaged PSCs over time are required.

Moreover, encapsulants should display total light transmission (>90% of incident light), relatively high
dielectric constant to mitigate potential-induced-degradation (PID) and excellent resistance to UV
degradation and thermal oxidation. Finally, other important features are good mechanical strength, excellent
adhesion to the PSC module to minimize the risk of delamination, coefficients of thermal expansion close to
that of PSC components to avoid mechanical damage during stability tests, and high flexibility to absorb any
fluctuation in strain energy during bending or temperature cycling [69, 79].

Technological requirements for highly effective encapsulations must also be considered. In particular, the
cleanness of PSC edges from residual perovskite materials is an essential step in encapsulation procedures to
avoid the formation of preferential routes for water and oxygen penetration and early degradation, as well as
to favour side leakage protection and edge sealing. To this end, prior to PSC modules encapsulation, edge
cleaning is recommended, usually by means of mixtures of chlorobenzene and N,N-dimethylformamide [80,
81] or of toluene and ethanol [82]. Alternatively, scratching away the residual materials with a razor blade
and then wiping with proper solvents has been proven successful [82]. During this operation, it is imperative
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to work in inert atmosphere or at least to keep the exposure time of perovskite layer to air below 10 min so as
to minimize its degradation. It is worth noticing that cleaning the PSC edges is crucial to hinder premature
degradation. However, only proper edge encapsulation systems can effectively extend the long-term stability
of perovskite devices. Indeed, in comparison to fully encapsulated devices with a protected edge, partially
encapsulated modules (i.e. without edge sealing) were shown to yield shorter lifetime [43, 82–84].

Finally, along with the specific material and technological requirements discussed above, another key
factor for reliable and effective encapsulation is the selection of a suitable pattering strategy. In particular, the
encapsulation pattern must be designed not to cause any thermal and/or photochemical damage to the PSCs,
to prevent side-penetration of water vapor/oxygen, and to guarantee long-term stable adhesion to the PSC
module in harsh weathering conditions. Within this context, typical packaging systems can be divided into
two major categories: top encapsulant barriers, in which a thin protective layer is deposited on top of the
module; edge sealing, in which the sealant is placed around the device and it is bonded to a cover substrate.
The latter approach is usually more reliable for stability tests since it enables the suppression of side
penetration effects. Even better, blanket encapsulation patterns, which include both cover barrier and edge
sealing, have been demonstrated to create a pressure-tight environment that not only blocks the ingress of
external moisture but also prevents the escape of any volatile materials from the PSC. For this reason, these
strategies are considered to be the most effective and reliable for long-term, stable packaging of PSCs [12,
83–87].

3. Methods to assess the encapsulation performance and the stability of packaged PSCs

Improving the long-term stability of PSCs through device encapsulation may represent one of the
cornerstones for their straightforward deployment on the market. Despite the great efforts made by the
research community in this field, in many cases publications dealing with the evaluation of the stability of
PSC materials and devices lack consistency in the adopted experimental procedures and in the used stress
factors. It is therefore challenging to replicate and compare results from lab to lab, and not immediate to be
able to gain a deep understanding of the degradation processes described in different research works. In the
attempt to overcome this issue, standardized testing protocols have been recently proposed to assess the
long-term performance of PSCs and estimate the effectiveness of different encapsulation methodologies
under given testing conditions, with the aim of achieving consistent and reproducible results in
the field [88, 89].

The most relevant standards for testing the long-term stability of PV cells, issued by the International
Electrotechnical Commission (IEC) and the International Summit on Organic Photovoltaic Stability (ISOS),
are summarized in the so-called IEC 61215 norm [90] and ISOS protocol (89). These documents summarize
different possible stress tests for the evaluation of the stability of inorganic, hybrid and organic PVs and
regulate the conditions to perform accelerated-aging/weathering tests. A list of accelerated ageing tests widely
encountered in current publications in the field include: damp heat test, thermal cycling test, outdoor
exposure test and light soaking tests.

In damp heat test, exposure to humidity on a long-time scale is tested. To this end, the PSC assembly is
maintained at 85± 2 ◦C and RH of 85± 5% for 1000–1048 h, followed by a recovery time of 2–4 h at
23± 5 ◦C and RH <75%. In thermal cycling tests, PSCs are cycled between 50 and 200 times from−40 to
85 ◦C with at least a dwell time of 10 min. During the cycles, the heating and cooling rates should be between
45 and 100 ◦C h−1, whereas the time for one cycle should not be exceed 6 h. A continuous current could be
applied to the device during each heating step. Then, a recovery time of at least 1 h at 23± 5 ◦C and
RH < 75% is allowed. Degradation processes which do not occur under laboratory conditions are revealed
performing a standardized outdoor exposure test. The preliminary resilience to outdoor conditions is tested
by mounting the PSC normal to the local latitude± 5◦ so that the device is exposed to at least 60 kW h m−2,
and by connecting the module to a resistive load or a maximum power point (MPP) tracker. The test
outcome is the time (expressed in days) after which encapsulated devices reach 80% of their initial efficiency
(T80). Light soaking tests allow to investigate the chemical-physical modifications occurring to the extraction
layers as a result of continuous illumination. In these conditions, the device is placed under a 100 mW cm−2

irradiance (using an AM 1.5 G filter) for 1000 h and constant temperature in the presence of a resistive load.
During the test, devices are maintained at their MPP using a MPP tracking algorithm. A set of three J–V
curves, that is, in the dark, at 10 mWcm−2, and at 100 mWcm−2 light intensity are then automatically
collected at fixed time intervals, and the device performance is evaluated in time.

In addition to such standardized approaches for the evaluation of device stability in different operating
conditions, other methodologies are currently in place to assess the efficiency of the encapsulation layer.
Among these, the so-called Calcium test [85, 91, 92] can be performed to directly examine the performance
of the encapsulant material as effective moisture barrier. Through simple optical measurements, this test
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enables to evaluate the transport rate of moisture through the packaging layer and to quantitatively monitor
moisture ingress in a sealed system, by monitoring the transition from opaque to transparent of a thin
(<100 nm) Ca layer thermally evaporated on top of the PSC device prior to encapsulation. Indeed, in the
presence of moisture, thin layers of metallic calcium immediately become transparent, indicating its reaction
with water. Calcium test is usually performed at 65 ◦C/85% RH or in combination with standardized
accelerated tests (e.g. damp heat and thermal cycling).

Finally, the ability of a specific encapsulation material to limit or prevent the degradation of the
perovskite layer as a result of the interaction with water, oxygen, light or/and combinations thereof can be
assessed using RGB (red, green, blue) colour measurements. This is a relatively simple technique which gives
a clear indication of the perovskite degradation pathway and the impact of various encapsulants on
degradation rate. More specifically, using time-lapse photography, this approach allows to track Pb-based
perovskite layer degradation to lead iodide (PbI2) and thus provide a qualitative estimate of the
efficacy/reliability of a given encapsulation procedure and material [80, 93, 94].

4. Encapsulation strategies

To date, various encapsulation methods have been developed for PSCs. One of the most widespread
approaches is based on glass–glass encapsulation, where the PCS device is sandwiched between two glass
sheets using thermo-curable (e.g. ethylene vinyl acetate (EVA) [12], Surlyn ionomer [5], butyl rubber and
polyisobutylene (PIB) [85, 95]) or UV-curable sealants (such as Ossila E132 resin [96], epoxy resin by
ThreeBond [84], Vitralit epoxy glue by Panacol [97]). Also, edge sealants (mainly butyl rubber and PIB [85]
or UV epoxy adhesives [97]) should be applied for preventing, or at least delay, moisture and oxygen ingress
from the lateral perimeter, thus extending the lifetime of PSCs [82, 91]. This technique is very affordable,
relatively straightforward, and extremely efficient since glass has the best water and oxygen blocking
properties as transparent material. However, it is incompatible with flexible applications, the latter being a
market that has dramatically grown in the last years [98, 99]. Hence, alternative methods in which rigid glass
coverslips are replaced by flexible films have recently been developed [78, 100–102].

Among these, an encapsulation approach using ultra-thin flexible glass sheet has been very recently
proposed. This emerging technique combines the excellent barrier properties typical of rigid glass coverslips
with thin-film flexibility. In particular, flexible glass was shown to exhibit ultra-low WVTR values (i.e.
∼10–7 g m2 d−1), making it particularly suitable for use in optoelectronics. Nevertheless, further studies are
required to reduce the high fabrication costs and to deepen the knowledge on the effect of this encapsulation
process on PSC performance and on the long-term stability of packaged devices [100, 103].

Other more widely spread encapsulation approaches for flexible applications make use of polymeric
laminates and thin-film barrier-coated polymer webs. These encapsulation strategies stood out for their
versatility in terms of choice of polymeric materials (poly(methyl methacrylate) (PMMA) [80, 93, 104],
polyethylene terephthalate (PET) [105], polytetrafluoroethylene (PTFE) [83, 106, 107], polycarbonate (PC)
[80], polydimethylsiloxane (PDMS) [3], ethylene-vinyl alcohol copolymer (EVOH) [108], polyethylene
naphthalate (PEN)), flexible polymer-based hybrid multilayers [78, 109–111] and polymer composites
[104, 112, 113], i.e. polymeric matrices (e.g. PMMA, EVOH) in which fillers (such as graphene oxide (GO)
or SiO2 particles) are dispersed, and for the possibility of applying these barrier layers on various device
substrates [83, 102]. Indeed, these films can be laminated on top of a device that is processed on a rigid glass
substrate or metal/plastic foil, or they can be applied both as substrate and as encapsulating layer through
roll-to-roll lamination to obtain flexible PSCs.

Currently, the most technologically promising, but also challenging, option is thin-film encapsulation
(TFE). It consists in the direct deposition of a single protective flexible ultra-thin layer (i.e. Al2O3, SiOx, SiN,
TiO2, Zn2SnO4, Parylene-C, ultrathin plasma polymeric film or organic-inorganic hybrid polymer layers
[86, 114, 115]) or a multilayer stack, composed of multiple pairs of organic and inorganic layers called a dyad
[116, 117], on top of perovskite devices using vacuum deposition techniques such as chemical or physical
vapour deposition (CVD, PVD), plasma-enhanced chemical vapour deposition (PECVD), atomic layer
deposition (ALD) and other vacuum coating techniques [102]. Notably, ALD has been proven to be
particularly suitable for organic and flexible electronics, such as PSCs [35, 69, 118]. However, despite its
effectiveness, ALD is an expensive approach since it requires high-cost vacuum-based equipment and
processes, as well as a detailed understanding of the interaction between the deposition process, the barrier
layer material, and the device structure. For this reason, its large-scale applicability is still hampered.
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A             B

Metal-induced 
perovskite degradation

Degraded perovskite under 
the top sputtered ITO

Acetic acid-induced 
perovskite degradation

Figure 1. (A) Efficiency (black), JMPP (red), and VMPP (light blue) of a PSC encapsulated between two glass plates with EVA cover
encapsulant and butyl rubber edge seal during (1000 h of continuous maximum-power-point tracking). Reprinted with
permission from [12], Springer Nature, Copyright 2017. (B) Encapsulated PSCs after 1000 h of damp heat testing. Photos were
taken both in indoor light (left) and under a solar lamp (right). The green box highlights perovskite degradation to PbI2 since the
active area turned from initial brown to yellow. Metal-induced degradation of the active area adjacent to the metal ribbon was
observed (blue box). The presence of yellow lines outside the sputtered ITO again reveals degradation of perovskite into PbI2,
likely induced by acetic acid released from EVA cover encapsulant in damp heat conditions (red box). Reprinted with permission
from [82], Royal Society of Chemistry, Copyright 2018.

5. Glass-glass encapsulationmethods

Conventional PSC encapsulation methods are based on glass-glass packages, where two critical components
are the cover encapsulant adhesive and the edge sealant. The cover encapsulant layer, which fills in excess
volume in the package, holds the glass sheets tightly together with the PSC device and ensures that the edge
sealant remains compressed throughout prolonged field exposure [82]. Instead, the edge sealant prevents the
direct contact of the edges of the PSC device with the surrounding environment [119].

Different encapsulant adhesive and edge-seal materials have been proposed (table 1). Early approaches
employed thermo-curable sealants such as EVA, Surlyn ionomer, butyl rubber and PIB.

EVA is by far the dominant encapsulant in the solar industry [120]. Recently, promising results in the use
of EVA coated glass cover as an encapsulant have been provided by Bush et al [12]. They sandwiched a
glass/ITO/NiO/Cs0.17FA0.83Pb(Br0.17I0.83)3/LiF/PCBM/SnO2/ZTO/ITO/Ag device between two glass sheets
with EVA and two sheets of 3-mm-thick glass edge-sealed by butyl rubber at a curing temperature of 140 ◦C
for 20 min. As depicted in figure 1(A), the encapsulated device withstood the IEC 61215 [88] damp heat test
(1000 h at 85 ◦C with 85% relative humidity) without any loss in PCE, thanks to the high barrier effect of
this encapsulation architecture and the low elastic modulus of EVA and butyl rubber (10 and 9 MPa,
respectively). While the latter result was encouraging, further studies [82] conducted on the same packaged
device under accelerated conditions (120 ◦C–100% RH for 20 h) highlighted that it suffered from visible
degradation that was accompanied by a noticeable drop in photocurrent. In particular, as it was already
observed after damp heat test, in the EVA package, yellow lines outside of the ITO appeared (see figure 1(B)).
This is a sign of the perovskite degrading into PbI2, likely due to heat- and moisture-induced decomposition
of the EVA into acetic acid [121] which in turn reacted with the perovskite active layer and the soda lime
glass, causing PDI [122].

To overcome the limitations of EVA, ionomer-based Surlyn encapsulants have been proposed since not
only they are characterized by a lower chemical reactivity with perovskite, but also they display better
electrical insulation properties and a lower WVTR (0.66 g/(m2 day) compared to 28 g/(m2 day) of EVA [87].
For example, Burschka et al [5] tested the long-term stability of a glass/FTO/TiO2/CH3NH3PbI3/
spiro-OMeTAD/Au device sealed using Surlyn 60 as an encapsulant. Surlyn sheets were melted under argon
at 100 ◦C for 40 s using a hot press with a pressure equal to 0.4 bar. Subsequently, the impact of the sealing
procedure on the performance of the cells was evaluated comparing the PCE values prior to (t= 0 h) and
after the sealing process. A PCE decrease from 12.5% (unsealed PSC) to 8.2% (PSC sealed with Surlyn 60)
was reported. A similar impact of this sealing procedure was also observed by Matteocci et al [84] where a
remarkable decrease of the PCE value (32.4% of its initial value) was reported, mainly due to the decrease in
short-circuit current density Jsc (16.4%) and fill-factor FF (13.7%). The adverse effect of encapsulation
process itself on the performance of PSCs could be attributed to the heating process of the cell at the curing
temperature (100 ◦C) of the thermoplastic encapsulant, owing to the poor intrinsic thermal stability of the
organic spiro-OMeTAD HTL [50, 54], but also (marginally) to the perovskite active layer [46, 52, 53, 123]. In
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Figure 2. (A) Temperature profile imposed to glass-glass packaged PSCs during temperature cycling test. Evolution of PCE during
temperature cycling of solar cells encapsulated with (B) Surlyn and with (C) EVA. Picture of the packaged PSCs using (D) Surlyn
and (E) EVA before and after 200 temperature cycles. Reprinted with permission from [87], Royal Society of Chemistry,
Copyright 2018.

fact, a PCE decrease of only 7.6% of its original value was obtained when the cell was sealed at room
temperature applying a pressure of 0.4 bar. For what concerns the results of long-term light soaking at a light
intensity of 100mWcm−2 and a temperature of 45 ◦C, in these conditions the device was found to maintain
more than 80% of its initial PCE after a period of 500 h. Also, no change in the short-circuit photocurrent
was noticed, which indicates that there was no photodegradation of the perovskite light harvester layer. The
decrease in PCE was therefore attributed to a decrease in both the open-circuit voltage (Voc) and the FF, and
the similar trend observed in the two decay processes suggests that their decrease is linked to a reduction in
the shunt resistance [5]. Moreover, the PSCs packaged using Surlyn as encapsulant showed poor mechanical
stability under the IEC 61215 temperature cycling test (see figure 2). The high elastic modulus of the Surlyn
encapsulant (394 MPa) and the low fracture energy, which lead to delamination and to a drop in
performance, factually limit the potentiality of Surlyn as successful encapsulant [87].

Conversely, very satisfactory outcomes have recently been achieved using polyolefin and butyl rubber as
encapsulation materials, thus making them increasingly more popular within the thin film PV field. In
particular, polyisobutylene (PIB) is probably one of the best candidates both as cover encapsulant layer [85]
and edge sealant [12, 85, 91, 124] among those explored over the last two decades in the PV industry
[95, 125] because of its low elastic modulus (9 MPa) and low WVTR (10−2–10−3 g/(m2 day)). Also, its high
electrical resistivity (that makes it less prone to PID) and its low cost when compared to EVA, ionomer-based
Syrlyn and UV-curable epoxies commonly used for encapsulating silicon solar modules are very attractive
features [124, 126]. Furthermore, unlike EVA and UV-curable epoxies, PIB displays very poor chemical
reactivity with perovskite, can be applied at a relatively lower temperature and does not require UV curing,
making it a suitable encapsulation material for PSC modules.

In a recent work, Shi et al [85] demonstrated the effectiveness of using PIB as an edge sealant and
encapsulant for glass/FTO/c-TiO2/FAPbI3/PTAA/Au PSCs. Three different methods were used to achieve
glass-glass encapsulation of PSC devices, as shown in figure 3(A). Methods 1 and 2 used PIB in a conventional
way as an edge seal, whereas in method 3, PIB blanketed the entire area underneath the cover glass, including
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the perovskite and HTL layers, and the edge margins. The average PCE of PSCs immediately before and 1 d
after encapsulation was found not to be significantly affected by any of the packaging processes. This result
could be associated both to the lower curing temperature and to the higher thermal resistance of PTAA HTL
and FAPbI3 active layer compared to spiro-OMeTAD and MAPbI3, respectively [13, 14, 54]. In order to
evaluate the effectiveness of the three different sealing schemes, two accelerated lifetime tests, damp heat and
thermal cycling, were performed in compliance with IEC 61215:2016. Among the three methods, blanket
encapsulation using PIB showed superior stability results, allowing to effectively reduce moisture ingress in
PSCs, to prevent the escape of volatile organic degradation products and to substantially improve their
ability to withstand thermal fluctuations. Indeed, cells encapsulated through this method passed the thermal
cycling test, by withstanding 200 cycles without degradation in cell performance, which is one the best result
published to date. In addition, as reported in figure 3(B), these cells survived 540 h of damp-heat test. These
noteworthy improvements were attributed to the much tighter sealing at the device edges and the ability of
PIB blanket encapsulant to suppress the escape of gaseous decomposition products, inhibiting the perovskite
decomposition reaction and the degradation of the HTL. Moreover, shelf life tests on PCSs encapsulated
using UV-cured epoxy and EVA were also conducted to provide direct comparisons with PIB. The PCE of
PSCs packaged with either EVA or UV-cured epoxy blanket encapsulated PSCs decreased by 8% its initial
value in about 6 d, whilst PIB-packaged modules maintained excellent PCE stability for more than 200 d.
The latter outcome further corroborated the conclusion that the stability improvements were mainly
ascribable to the low elastic modulus and superior barrier properties of PIB encapsulant material, as well as
to its chemical inertness with respect to PSCs (as opposed to UV-curable epoxy and EVA sealants).

Summarizing, glass-glass encapsulation with thermo-curable sealants is able to provide
mechanically/thermally stable and high-quality oxygen and moisture barrier. Still, such method typically
requires high-temperature (>100 ◦C) processing, which is not compatible with temperature-sensitive PSCs
that always show a remarkable decrease of PCE after heating at the curing temperature of the sealants, mainly
due to the thermal instability of HTL [54] considering that highly temperature resistant perovskite materials,
such as FAPbI3 and triple cation perovskites can endure temperatures in the range of 130◦ C–170◦ C without
evident degradation [13, 14]. Hence, with the aim of reducing the impact of heat-sealing on the performance
of PSCs, in many research works thermo-curable sealant have been replaced by UV-curable adhesives despite
the higher costs of the latter.

To this end, Ramasamy et at [97]. reported a low temperature (<50 ◦C) glass-glass encapsulation of PSCs
carried out using a UV-curable epoxy edge sealant (Vitralit, Panacol). During UV irradiation for 260 s, the
device temperature was found to increase from 26 ◦C to 48 ◦C since the photocuring reaction is inherently
an exothermic reaction [127]. For comparison, encapsulation of similar PSCs using thermo-curable Surlyn
ionomer gasket was also prepared by heating the device at 125 ◦C for 10 min. Current-voltage characteristics
of PSCs before and after encapsulation with Surlyn and UV-epoxy edge sealant proved the efficacy in the use
of UV-curable adhesives (see figure 4(A)). In particular, while the PSC device encapsulated with UV-curable
epoxy edge sealant was found to retain 85% of its original performance, a 25% decrease in device efficiency
was observed in PSC systems packaged with Surlyn heat sealant, in agreement with previous studies [5, 84].
These outcomes highlight that the lower the processing temperature reached during curing step, the smaller
the drop in PCE of PSCs with respect the original value. The reduced, but non negligible decrease in the
performance of PSCs encapsulated with UV-curable epoxy edge sealant could mainly be related to the
degradation of the mesoporous TiO2 electron transport layer under UV illumination, that generates
non-stoichiometry induced defects and gives rise to trap-assisted recombination of the photo-generated
electrons in the TiO2-based ETL [56]. Preliminary stability studies on both the devices under moderate stress
conditions, that is by storing the devices in the dark at 30 ◦C—50% RH and periodically measuring the PV
performance under 1 sun illumination, were performed. As depicted in figure 4(B), Devices encapsulated
with Surlyn maintained 60% of their initial performance after 70 d of aging, whereas those encapsulated with
UV-epoxy exhibited a similar trend but with slower degradation rate. The performance gradually decreased
during the first 30 d and then stabilized at 83% of the initial performance, so that after 70 d of aging about
80% of initial efficiency was retained. These results could be ascribed to the superior barrier properties
(i.e. WVTR, adhesion, thickness) of UV-cured epoxy adhesive that allow the UV-cured epoxy edge sealing to
more effectively prevent moisture ingress with respect to Surlyn sealant. However, most epoxies are rigid and
crack easily with temperature cycling [91].

Leijtens et al [56] demonstrated that UV induced instability can be overcome by substituting the
mesoporous TiO2-based ETL with a mesoporous Al2O3 scaffold. Contrary to the behaviour observed for
TiO2-based cells, the value of photocurrent density was found to remain stable after encapsulation (the PCE
value passed from 6.2% to 5.7%) with an epoxy resin and a glass coverslip in a nitrogen-filled glove box.
Also, a noticeable long-term stability under light soaking for 1000 h under 1 sun, AM1.5 illumination, at
40 ◦C was detected. After a 50% loss in efficiency during the first 200 h of exposure, due primarily to
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Figure 3. (A) Cross-sectional schematics and plan-view photographs from the FTO glass side of PSCs encapsulated by three
methods. In method 1, PIB is applied as edge sealant over the positive electrical feedthrough for the cell. In methods 2 and 3, both
electrical feedthroughs are provided by the FTO layer. But, while in methods 2 PIB is used as an edge seal only, in method 3, it acts
both as edge sealant and as cover encapsulant. (B) Normalized PCE during damp heat and thermal cycling tests for PSCs
encapsulated using method 3. Reprinted with permission from [85], American Chemical Society, Copyright 2017.

deterioration in the FF and Voc of the cells, the efficiency remained constant. The authors pointed out that
the initial efficiency drop could due to a number of factors including partial de-doping of the
spiro-OMeTAD hole conductor, corrosion of silver charge colleting electrode when in contact with the
perovskite layer or indeed some subtle changes within the perovskite absorber.

Alternative approaches to overcome the aforementioned issues linked to the decrease of the PV
performance as a consequence of the encapsulation process include the use of an epoxy sealant curable under
visible light, as recently proposed in comparison with other sealing strategies [84]. In particular, to assess the
effect of the sealing procedure, after the initial characterization, PSCs were glass-glass encapsulated varying
sealing material and curing strategies, and the encapsulated cells were tested again. The glass-glass
encapsulation carried out with a commercially available methacrylate glue cured upon visible light using a
Xenon lamp at 1 Sun intensity for 10 s allowed to limit the decrease of device performance after
encapsulation (the PCE reduction was estimated being 14.3%). If compared with the value of PCE decrease
for PSCs glass-glass encapsulated using a thermo-curable sealant, Surlyn 60, 32.4% drop in PCE with respect
to its initial value, and a UV-curable glue, 18% decrease in PCE with respect to its initial value, a noticeably
smaller reduction of PV performance was highlighted. The non-negligible performance loss still present was
related to the reaction of the photoactive layers with vapours outgassing from the glue during the
light-assisted curing, as previously reported by Han et al [41]. Accordingly, to prevent chemical components
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Figure 4. (A) I–V characteristics of PSCs before and after encapsulation with Surlyn (left) and UV-epoxy edge sealant (right). (B)
Evolution of normalized efficiency of unencapsulated and encapsulated PSCs (with Surlyn or UV-epoxy edge sealants) stored in
the dark at 30 ◦C, 50% RH environment. Reprinted with permission from [127], Elsevier B. V., Copyright 2019.

released by the glue during curing to affect the active layers of the PSC, a Kapton polyimide film covered with
silicon-based adhesive was added in between the PSC device and the methacrylate glue. Thanks to its
excellent properties in terms of chemical and temperature resistance, a minimal effect of the sealing process
on the PCE of the device (reduction of only 1.5%) was observed. The effectiveness of this encapsulation
procedure in the stabilization of PSC devices was further investigated under three main accelerated lifetime
(ALT) tests, namely shelf-life test, damp heat test and thermal cycling stress. The shelf-life test (1500 h under
dark and low humidity condition, 30% RH) yielded slightly higher PCE after 1350 h with respect to the
initial PCE (3%) but 10% lower with respect to the maximum obtained after 100 h. However, when
compared with devices sealed with Surlyn 60 and with UV-curable glue, in which the PCE was found to drop
by 58% and 22.5% with respect to the initial value after only 170 h, respectively, the benefits of using the
previously proposed sealing encapsulation protocol is evident. The damp heat test with a temperature in the
range 40 ◦C–50 ◦C and 95% RH was performed to assess the lateral degradation due to the permeation of
the water vapour from the edges of the device. The results of the test showed a remarkable decrease in PCE
(95%) after 104 h of exposure, related to moisture-induced degradation of the perovskite layer caused by the
sealing failure at the glass edges. After the application of a UV-curable epoxy glue to the edges of the
encapsulated device, the performance under damp heat test strongly increased. A less pronounced PCE
decrease (only 5% of the original value) was observed after 104 h. This evidence proved the importance of
having an edge sealant as moisture barrier, too. Finally, to study the intrinsic effect of the temperature on the
performance of the PSC encapsulated with this latter architecture (glass-glass packaged with light curable
adhesive, Kapton polyimide adhesive and UV-curable edge sealant), a 250 h-long thermal test was performed
at 60 ◦C (from 0 to 124 h) and 85 ◦C (from 124 h to 250 h) in an oven in dark with a relative humidity level
of 25% RH (dry-heat). A linear decrease in PCE value of 0.1%/h at 60 ◦C and 0.21% at 85 ◦C was observed.
This decline was mainly associated with a reduction in FF, caused by the intrinsic thermal instability of the
spiro-OMeTAD layer that is subjected to partial transformation from amorphous to crystalline phase when
heated [128]. On the other hand, light soaking tests induced visible intrinsic degradation of the perovskite
layer. A relative reduction of PCE of 0.14%/h was found during the light-soaking test, with an absolute 20%
reduction in PCE observed after 140 h. This value is remarkably lower with respect to previous reports [5],
thus clearly indicating the effectiveness of this encapsulation procedure.
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To further enhance the long-term stability of PSCs under high humidity conditions, a piece of desiccant
[41, 129] can be placed below the cover glass with the aim of absorbing any water that may permeate through
the UV resin. This combination allows to improve both the device stability under ambient conditions and in
high humidity conditions (55 ◦C and 80% RH). Indeed, complete degradation in device performance under
continuous illumination at approximately 1 sun, 55 ◦C and 80% RH was observed only after 120 h.

If, on one hand, a properly designed glass-glass encapsulation is still one of the strongest and most
durable techniques to provide great resilience against oxygen, humidity and temperature at a low cost
suitable for industrial development, on the other hand this approach only allows rigid and flat PSC modules
to be operated. However, when considering the scalability of PSCs, it is important that encapsulation
technologies can be compatible with the production of bendable and flexible encapsulated devices. Hence,
the use of rigid substrate materials and rigid cover glass encapsulation must be avoided, and the development
of alternative encapsulation strategies suitable for flexible packaged device has become essential [83, 102].

In this context, ultra-thin flexible glass encapsulation [101] and hermetic glass frit encapsulation
[100, 103] have very recently gained particular interest as these emerging approaches combine excellent
barrier properties and flexibility. In particular, hermetic glass frit encapsulation is a technique that not only
allow to avoid the use of sealants to stack the cover glass to the device surfaces, but also enables full retention
of the initial PSC module performance for 500 h under humid air exposure (80± 5% RH), and after 70
thermal cycles (−40 ◦C to 85 ◦C) and 50 h damp heat test (85 ◦C, 85% RH) according to the IEC 61215
standard. However, it requires high processing temperature (∼120 ◦C). Hence, more in-depth studies are
currently underway with the aim of developing a similar hermetic encapsulation procedure with processing
temperature lower than 85 ◦C to enable the use of highly efficient HTM-based devices, reducing the high
fabrication costs and verifying its applicability in industrial field.

Alternatively, taking advantage from the knowledge acquired from dye sensitized solar cells (DSSCs)
[130–134], organic polymer solar cells (OPVs) [70, 135, 136] and organic light emitting diodes (OLED)
[137], many recent research has focused the attention on the development of polymer-based encapsulation
methods to be applied in the field of PSCs. In fact, the cheapness and ready accessibility of polymer-based
encapsulation techniques make them very attractive also at the industrial level.

6. Polymer-based encapsulationmethods

The application of barrier films based on polymers by lamination or roll-to-roll techniques prevents the
ingress of gas (i.e. water vapor or oxygen) in the device due to some important, inherent characteristics of the
barrier material, including hydrophobicity, low absorption or diffusion coefficient, good adhesion.

Various commercial polymer-based barriers have been investigated as device encapsulants to shield PSCs
from environmental stressors. Among these, PET [105], PTFE or Teflon [83, 106, 107], PMMA [93] and PC
[80], all displaying excellent moisture- and gas-barrier properties.

Current practice in the use of polymers for encapsulation of PSCs spans from basic approaches in which
EVA, Surlyn [106], UV-curable epoxy resin [138] or pressure sensitive adhesives (PSAs) [80] are combined
with transparent thermoplastic foils, to more complex strategies based on thermoplastic polymeric films with
integrated adhesives [83, 139], solution-processed polymeric coatings [80] and hydrophobic films [107, 140].

The use of polymer films stuck onto the PSC through an adhesive is a well-known strategy for device
encapsulation owing to the intrinsic benefits such as low-cost, simple processing, and sufficient chemical
stability.

Analogously to what previously highlighted when discussing glass-glass methods, one of the main
limitations found in polymer-based encapsulation techniques employing thermo-curable adhesives to seal
transparent thermoplastic barrier foils is the possible thermal degradation of the perovskite light harvester
layer during packaging process. Consequently, encapsulation approaches relying on low-temperature
lamination have been designed. Within this framework, Ramos et al [106] developed a two-step
encapsulation process, in which the first step served as protecting layer for the following lamination step.
Indeed, during the first step, a pre-encapsulation material (Surlyn 1702) was applied and cured at a low
temperature (<100 ◦C), while in the second step proper device encapsulation was performed at higher
temperatures (130 ◦C, during 20 min at 1 atm) by sandwiching the pre-encapsulated devices in a front/back
barrier structure (Teflon 3221) using EVA as encapsulant material. This two-step method was found to be
effective since a loss in PCE of only 12% was recorded.

The use thermoplastic polymeric films with integrated adhesives has also been proposed [83]. In this
case, an acrylic transfer adhesive pre-coated on Kraft paper liner was used as the sealing material and it was
firstly laminated onto a 240 mm commercial plastic barrier encapsulant characterized by WVTR of
5× 10−3 g m−2 d−1 and transmittance as high as 89%. The barrier film with the laminated adhesive layer
was then pre-conditioned and, after having removed the paper liner, it was laminated at 100 ◦C onto flexible
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Figure 5. (A) Change in average green colour of PSCs (a) encapsulated with Surlyn+ Glass cover, (b) coated with PMMA, (c)
packaged with laminated PET+ pressure sensitive adhesive (d) unencapsulated. Reprinted and adapted with permission from
[80], Elsevier, Copyright 2016. (B) Normalized PCE as vs. storage time at RH > 75%—25 ◦C for (a) 100 h and (b) 500 h.
Reprinted and adapted with permission from [104], Royal Society of Chemistry, Copyright 2017.

PET/IZO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Ag devices. In this way, no significant changes in the I–V
characteristics were observed after encapsulation. Three series of devices (without encapsulation, with partial
encapsulation, fully encapsulated) were investigated to assess their stability in outdoor conditions (25 ◦C,
30%–80% RH). This systematic research evidenced the importance of a complete device encapsulation: only
completely encapsulated PSCs were able to maintain most of their initial efficiency after 500 h, whereas
devices without encapsulation quickly degraded in just 100 h and devices with partial encapsulation were
evidently damaged after 400 h.

A different example of polymeric film with integrated adhesive was proposed by Li et al [139], who
employed a commercial polyimide (PI)-based Kapton tape with silicone adhesive to improve the stability of
perovskite films and PSC devices. The efficacy of this facile adhesive encapsulation strategy was investigated
in extreme conditions (in DI water or under thermal treatment at 240 ◦C). The results revealed that the
encapsulated device retained its tetragonal perovskite crystal structure and its original PCE after more than
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180 min at 240 ◦C in ambient environment and after 1800 s in DI water. The great stability of perovskite
films was associated with the adhesion force established between the PI film and the perovskite film, which
led to the formation of a closed system, able not only to retard the diffusion kinetics of water molecules into
the perovskite structure, but also to eliminate potential diffusion paths for the volatilization of the organic
component in order to enhance the thermal stability of the perovskite material.

Another possibility to avoid issues related to performance degradation during lamination and roll-to-roll
processing involves the use of polymeric solution-processed layers directly spin-coated on top of the device,
to cover the top surface and the edges of PSC modules [93]. In particular, encapsulation via spin-coating
using commercial polymers, such as PDMS [3], PMMA or PC has been proved to provide comparable results
in terms of long-term stability with respect to polymeric encapsulation through lamination. Within this
context, Wilderspin et al [80] reported a systematic study on degradation rate of samples packaged according
to three different encapsulation techniques: glass-glass encapsulation with Surlyn thermo-curable sealant,
polymer encapsulation through lamination of PET using PSA, and polymer encapsulation via spin-coating
starting from a solution of PMMA in chlorobenzene. Red-green-blue colour (RGB) analysis, x-ray
diffraction (XRD) and UV–Vis absorption measurements performed during 1000 h exposure to ambient
conditions (25 ◦C, 30%–40% RH) under illumination at 1 sun, demonstrated that the best long-term
stability results were noticed in devices encapsulated with PMMA coating and in those packaged with
Surlyn-glass cover. As illustrated in figure 5(A), RGB results evidenced that while in PMMA and glass-glass
encapsulated devices no significant change in colour took place, non-encapsulated samples developed a
sharp change in colour after 100 h. Instead, the PSA-based samples immediately started to linearly degrade,
likely due to the interaction between the perovskite active layer and the solvent trapped in the PSA itself. The
evolution with time of the XRD peak associated to PbI2 in the four different samples confirmed the findings
previously highlighted: the maximum intensity of PbI2 peak in unencapsulated devices was five times higher
than that observed in PMMA-coated samples. Interestingly, in accordance with other studies [104, 114], it
was pointed out that PMMA-coated PSCs were not working, or they were found to exhibit a sharp drop in
both Jsc and Voc with respect to their initial values as a result of encapsulation. This result indicates that
chlorobenzene (the solvent used for PMMA coating deposition) damages the Spiro-OMeTAD layer and
decreases the PV performance during deposition. However, while the use of solution-processed PMMA
encapsulants could pose some limitations in the selection of suitable HTLs, when the concentration of the
PMMA solution exceeded a critical value (in this case, 30 wt% PMMA) the coating process was not found to
affect significantly the PCE of PSCs [141], with only a reduction <5% with respect to the original value. Also,
the PMMA-coated PSCs showed improved stability both in very humid (25 ◦C—RH > 75%) and in ambient
conditions (35 ◦C and 40% RH). In high RH conditions (figure 5(B)), PSCs incorporating the PMMA
passivation layer exhibited an almost constant PCE during the first 100 h of test, then their performance
gradually decreased down to 50% of the initial value after 500 h exposure. In ambient conditions,
PMMA-coated PSCs exhibited negligible change in PV performance for more than
500 h [104].

Alternatively, the use of HTL-free PSCs was also demonstrated to be an effective strategy to fully
maintain the original PCE after solution-processed encapsulation and to produce PSC devices exhibiting
long-term stability. Indeed, PMMA-coated PSCs without HTL retained about 95% of their initial efficiency
after being exposed to air (25 ◦C and 35% RH) for 20 d [142].

Despite such encouraging results, the high WVTR (10◦–102 gm−2d−1) and OTR (101–102 cm3 m−2d−1)
of commercial polymeric films compared with those of glass still limit their effectiveness as barrier layers
[98]. In this regard, device encapsulation with polymer composite films or with solution-processed
hydrophobic barrier coatings has recently gained noticeable attention since these approached can effectively
inhibit water-induced degradation in PSCs.

For what concerns device encapsulation with polymer composite films, recent works [104, 108, 112, 113]
proved that the use of polymer composites in which SiO2 and/or GO fillers are dispersed in a polymeric
matrix (e.g. PMMA, EVOH) effectively improves the long-term stability of encapsulated PSCs. It was
claimed that the well-dispersed SiO2 and GO fillers make the permeation path of gases and moisture through
the polymer layer more tortuous, thus leading to an improvement of the barrier properties. An enhancement
of two orders of magnitude in WVTR and a reduction in oxygen permeation of 64.4% were recorded in the
polymer composite with respect to the pristine polymer itself. Also, the addition of GO in the polymeric
matrix increased its hydrophobicity.

The notably limited stability of PSCs to moisture could be also overcome by means of a simple
hydrophobic passivation process, by using a Teflon layer applied on the top of the device module via
spin-coating [107]. As schematised in figure 6(A), through this hydrophobic passivation approach, water
infiltration was simultaneously prevented both chemically (repulsion at the molecular level by the
hydrophobicity of the fluorinated polymer) and physically (encapsulation at the macroscopic level). This
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Figure 6. (A) On the left, simplified illustrations untreated cell (top) and coated (bottom) PSCs displaying the principle of
hydrophobic passivation. On the right, contact angles of the untreated cell (top) and passivated cell (bottom). (B) Absorption
spectrum and digital photographs of the perovskite cells, before and after storage in air ambient for 7, 15, and 30 d. On top related
to untreated PSCs, while at the bottom of passivated PSCs. (C) (a) J− V curves of uncoated PSC and coated-PSC. (b) Normalized
PCE of both of the PSCs. Variation of J− V curves during 30 d aging test in ambient condition on the untreated PSC (c) and
passivated PSC (d). Reprinted with permission from [107], American Chemical Society, Copyright 2015. (D) Evolution of
normalized PCE during aging test on the three series of PSCs: uncoated, front-coated with the luminescent fluorinated coating,
and front/back-coated, obtained by coating the back contact of a front-coated PSC with the moisture-resistant fluoropolymeric
layer. A digital picture of a front-coated solar cell after the test is also reported. Reprinted with permission from [140], American
Association for the Advancement of Science, Copyright 2016.

resulted into a significantly enhanced stability of the PSCs both in ambient conditions and when submerged
in DI water. XRD analysis, quartz crystal microbalance (QCM) measurements and UV–Vis spectra indicated
that a negligible degradation occurred in the Teflon-treated PSC devices when exposed to ambient
conditions (figure 6(B)). Indeed, they exhibited considerably stable performances retaining 95% of the initial
PCE after 30 d (figure 6(C)). The passivated cells even showed water-repellence when submerged under
water for few seconds.

Another hydrophobic barrier coating material, obtained by the combination of a UV-curable
chloro-trifluoro-ethylene vinyl ether fluoropolymer binder and a dimethacrylic perfluoropolyether oligomer,
was proposed by Bella et al [140]. They produced multifunctional luminescent downshifting fluoropolymer
coatings that confer luminescent and easy-cleaning features on the front side of the devices, while
concurrently forming a strongly hydrophobic barrier toward environmental moisture on the back-contact
side. These photopolymers enable to absorb UV light and re-emit it in the visible range by fluorescence,
preventing the UV portion of the incident solar spectrum from negatively interacting with the PSC stack and
boosting the photocurrent by 6%. Additionally, they act as hydrophobic barriers, thus avoiding hydrolytic
phenomena of the perovskite material and keeping the front electrode clean by means of the easy-cleaning
characteristics of this fluorinated polymer. Thanks to the stabilizing effect of the fluoropolymeric coatings,
the front/back-packaged PSCs retained their full functional performance (95% of their initial efficiency)
even after 6 months under outdoor conditions (figure 6(D)).

These results demonstrate that polymer-based encapsulation through passivation processed using
hydrophobic barrier polymers is a potentially new kind of approach to significantly enhance the stability of
PSCs to moisture. However, depositing a hydrophobic layer on a hydrophilic perovskite could lead to
incomplete film coverage or to the formation of overly thick films, possibly with pinholes, that could also
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induce high series resistance in the PV device [143]. Moreover, most of this passivation layers exhibit high
OTR values.

It is therefore important to deposit at least one metal, metal oxide or modified polymer layer on top of
the polymeric barrier coating, serving as blocking or trapping layer for molecular oxygen (and water in some
cases). For this reason, organic-inorganic hybrid polymer-based multilayers based on roll-to-roll deposition
and thin-film encapsulation technologies based on vacuum deposition techniques are currently becoming
object of increasing interest.

Organic-inorganic hybrid polymer-based multilayer flexible barriers (HPMBs) are usually composed of a
first polymeric layer (e.g. PET or PEN), a second and fourth inorganic layer (typically zinc-tin-oxide,
Zn2SnO4 (ZTO)) sandwiching a third one made of ORMOCER (organic-inorganic hybrid polymer)
[109–111]. HPMBs exhibit WVTR (WVTR∼ 1× 10–3) reduced by approximately three orders of magnitude
if compared with PET-only protective layers. Also, a recent study [78] revealed that the barrier properties
HPMBs could be further improved by a factor of 6 if the back side of the HPMB is glued over the PSC device
(i.e. last ZTO layer facing the PSC module). However, some delamination and sealing issues upon
application were noticed, likely indicating poor adhesion of the glue/resin with the ZTO layer of the
multilayer stack. Therefore, an additional SiOxCyHz layer was deposited prior to the first ZTO layer to
improve the poor adhesion between resin sealant and multilayer stack, thus avoiding potential sealing issues
as well as further reducing WVTRs by a factor of 5 compared to barriers without SiOxCyHz layer. Moreover,
as demonstrated from aging tests performed in dark conditions at constant room temperature and relative
humidity, the long-term stability of PSCs encapsulated using HPMBs with SiOxCyHz as first layer not only
resulted more stable with respect to the same PSCs encapsulated with a single polymeric layer, but they were
also found to exhibit comparable long-term performance to glass-glass encapsulated PSCs. The low WVTR
values (WVTR= 8.2± 0.3× 10–4) close to those of glass, the flexibility, the lightweight and the
compatibility with roll-to-roll lamination processes of HPMBs make these materials highly performing,
transparent encapsulation systems.

7. Thin-film encapsulationmethods

Together with flexible glass and HPMBs packaging techniques, thin-film encapsulation (TFE) can be
considered as one of the most interesting techniques for long-term stabilization of encapsulated PSCs. From
a process perspective, deposition techniques such as CVD, PVD, PECVD, ALD, PEALD among other have
been explored for TFE formation as they generally allow to deposit a great variety of organic and inorganic
materials and to obtain barrier layers with extremely low values of WVTR and OTR (in the range of
10−4–10−6 gm−2d−1 and 10−3–10−4 cm3 m−2d−1, respectively) [77, 102, 114, 115]. In particular, as well
demonstrated in the case of direct deposition of barrier layers on temperature sensitive devices such as OLED
and OPV technologies [144–149], ALD enables the fabrication of ultra-thin, highly conformable,
continuous, dense and pinhole-free inorganic layers acting as moisture barriers, in a large range of
deposition temperatures [62, 150].

To this end, Choi et al [35] recently demonstrated a promising ultrathin compact aluminum oxide Al2O3

layer deposited by ALD (ALD-Al2O3) and characterized by a WVTR value of 1.84× 10−2 gm−2d−1 at
45 ◦C–100% RH. To study the effect of processing temperature on both PV properties and degradation rate
of two different kinds of mesoporous perovskite devices, namely FTO/bl-TiO2/mp-TiO2/(FAPbI3)0.85
(MAPbBr3)0.15/HTL/Au/ALD-Al2O3 with spiro-OMeTAD or (poly[bis(4-phenyl)(2,4,6-trimethyl
phenyl)amine]) (PTAA) as HTL, ALD-based encapsulation was repeated at three different temperatures (95,
105, 120 ◦C) and the PCE of the PV cells before and after ALD process was measured. To test the moisture
barrier capability of 50 nm thick ALD-Al2O3 layer, encapsulated PSCs were exposed to 65 ◦C-85% RH and in
inert atmosphere for 350 h and their performance was monitored. Similarly, the long-term stability of
ALD-Al2O3 encapsulated PSCs was investigated at 25 ◦C-50% RH for 7500 h. First, it was demonstrated that
by increasing the ALD processing temperatures a sharper drop in PCE after the ALD was observed (figure
7(A)). Furthermore, in good agreement with previous studies [55, 151], mesoporous perovskite devices with
PTAA as HTL resulted to be more stable than those with spiro-OMeTAD at all the three selected ALD
processing temperatures, as shown in figure 7(B) Interestingly, the PCE drop rate in both 65 ◦C–85% RH
and 65 ◦C (in inert) aging conditions showed similar results. This implies the effectiveness of the 50 nm
ALD-Al2O3 encapsulant film in the protection of PSCs from moisture infiltration. Finally, excellent
durability test results for mesoporous PTAA-based devices encapsulated by means of a 50 nm thick layer of
Al2O3 were obtained, with less than 4% reduction in PCE relative to the initial value after 7500 h (>
10 months) of exposure to 50% RH under room temperature (see figure 7(C)). Despite these encouraging
results, the application of an ALD-Al2O3 coating at 95 ◦C was found to systematically lead to severe failures
for spiro-OMeTAD-containing PSC devices with a 12% drop in PCE with respect to the original value for
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Figure 7. (A) Normalized PCE of PSCs before and after ALD of Al2O3 at different temperatures. (B) Normalized values of (a)
PCE, (b) VOC, (c) JSC, and (d) FF as function of time during aging tests at 65 ◦C–85% RH or 65 ◦C (in inert) condition. Two
kinds of HTL in the PSCs were tested: spiro-OMeTAD (black line) and PTAA (red line). (C) Picture and normalized PCE value of
the two PSC devices (perovskite/spiro-OMeTAD/Au/ALD-Al2O3 and perovskite/PTAA/Au/ALD-Al2O3) during storage in dark at
25 ◦C–50% RH for 7500 h (∼ 10 months). Reprinted with permission from [35], Elsevier, Copyright 2018.

PTAA-based ones. Therefore, further development is required in the ALD process to minimize the thermal
damages to the PSC device during encapsulation.

As a way to overcome problems related to the thermal instability of the PSC device during ALD
deposition, a low temperature (60 ◦C) encapsulation process based on a single thin coating of ALD-Al2O3

was introduced [117, 118]. The experimental results showed that the reduction of the processing
temperature to 60 ◦C helped to suppress such performance decline during encapsulation. In
particular,∼94% of the original PCE was retained after encapsulation of a
FTO/bl-TiO2/mp-TiO2/(FAPbI3)0.87(MAPbBr3)0.13/PTAA/Au device with a 21.5 nm thick ALD-Al2O3 film.
However, the ambient long-term stability of the devices ALD-encapsulated at 60 ◦C was found to be poorer
compared with previous studies on similar systems [35], showing higher losses in PCE during aging (loss
of∼25% of the initial PCE after 2250 h of storage at 25 ◦C-50% RH). Indeed, the decreased processing
temperature partly impedes the reaction between the precursor of Al2O3 to generate unreacted residues,
which create defects in the resulting ALD-Al2O3 film. Therefore, the increased defect density in the
encapsulation film makes it more permeable to water vapor, so that the WVTR of 60 ◦C-processed films
presents values of one order of magnitude higher than those exhibited by 90 ◦C-processed films [152].

Based on these considerations, in order to avoid structural and morphological defects and pinholes
intrinsically present in the fully-inorganic encapsulation film to affect its oxygen and moisture barrier
properties, the insertion of an organic layer beneath the inorganic layer has been proposed as a viable
approach [116, 117]. In this sense, two different strategies have been mainly adopted in the literature: one
consisting in the deposition of an ultrathin compact ALD-Al2O3 film on an organic carrier film (e.g. the PET
substrate), which is subsequently applied on top of the perovskite device; the other consisting in the direct
deposition of a multilayer stack on the PSC top surface. Such multilayer thin-film encapsulation process is
achieved by alternating organic and inorganic layers, where the inorganic layer is mainly responsible for the
barrier performance, while the organic layer effectively elongates the torturous path of the penetrating
moisture and oxygen vapours, thereby resulting in enhanced barrier properties of the overall barrier film.
Also, the organic layer allows to improve the mechanical properties of the multilayer, since it enhances the
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Figure 8. Schematic design of the packaged PSC (on the right), and cross-sectional SEM image of the TFE multilayer. Reprinted
with permission from [117], WILEY-VCH Verlag GmbH & Co, Copyright 2017.

flexibility of the barrier film by releasing the interfacial stresses of the brittle inorganic layer, ultimately
avoiding delamination [35, 153, 154].

Encapsulation by means of an ALD Al2O3-coated organic carrier film has been successfully applied for
the first time by Chang et al [116] on semi-transparent PSCs. A 50 nm-thick ALD-Al2O3 layer was firstly
deposited on a PET substrate which was then applied on top of a Ag-NW/ZnO/perovskite/PEDOT:PSS/ITO
device with a UV-curable adhesive. A huge advantage of this approach is the possibility to manufacture the
encapsulation stack in advance, so that production conditions are not limited by the sensible organic device
and highly efficient barrier layers can be produced. However, the lamination step itself, in which the barrier
film is stuck onto the device using a suitable adhesive (hot-melt, pressure sensitive or UV-curing sealants)
strongly affects the original performance of the PSC. Owing to the excellent gas barrier behaviour of this
multi-layer encapsulation (OTR= 1.9× 10−3 cm3 m−2d−1; WVTR= 9.0× 10−4 gm−2d−1), the ambient
long-term stability of the resulting encapsulated PSCs was greatly improved without compromising device
performance and optical transmittance. Indeed, after being exposed to 30 ◦C—65% RH for more than 40 d,
the encapsulated devices delivered negligible degradation in contrast to the pristine devices, which were
found to be not working after only 10 d. Moreover, the flexibility of the encapsulation layer was tested by
applying 1000 bending cycles at two different bending radii (13 and 5 mm). The obtained results showed that
the encapsulation layer retained its low gas permeability upon bending at a radius of 13 nm, while these
values were found to moderately increase (OTR= 1.1× 10−2 cm3 m−2d−1; WVTR= 7.9× 10−3 gm−2d−1)
as the bending radius changed to 5 mm, suggesting the potential application of TFE layers in flexible
electronics.

This encapsulation strategy is highly attractive owing to its compatibility with roll-to-roll production
processes. However, the application of a ALD Al2O3-coated PET encapsulant on an already formed device by
means of adhesives poses the potential drawback of placing an organic sealant layer between the barrier and
the actual device. The relatively high WVTR/OTR of organic adhesives and the presence of voids and/or
pinholes at the interface between the sealant and the top surface of the PSC, provide a pathway for lateral
ingress of water/oxygen, inevitably limiting the long-term adhesion of the protective layer to the device and
effectively implying that the barrier properties of the encapsulation stack become largely dependent on those
of the adhesive [155]. Consequently, direct deposition of the organic layer through highly conformal vacuum
coating techniques can prompt further improvement in PSC lifetime, enhancing interface adhesion and
avoiding the risks of delamination. In this respect, Lee et al [117] provided the first example of the direct
incorporation of a multilayer TFE onto a PSC, by demonstrating an encapsulation system composed of four
250 nm poly(1,3,5-trimethyl-1,3,5-trivinyl cyclotrisiloxane)/20 nm ALD-Al2O3 dyads and characterized by
outstanding barrier properties with a WVTR on the order of 8× 10−5 gm−2d−1 at an accelerated aging
condition of 38 ◦C and 90% RH (figure 8). In such multilayer TFE architecture, the organic layer deposited
by initiated chemical vapor deposition (iCVD) at 40 ◦C was found to enable to flatten the substrate surface of
the solar cells to form an excellent interface with the Al2O3 film without physical and chemical defects on the
device surface. Moreover, the organic layer was shown to act as a primary protective film for the PSC during
heating, also preventing direct contact of the active materials with H2O during the ALD process. Indeed, it
was found that the encapsulation process did not degrade the device performance, while significantly
enhancing its stability. The result of the shelf life test (50 ◦C and 50% RH for 300 h) conducted on the
encapsulated PSC showed only a negligible change in PSC performance after 300 h (PCE reduction of∼3%)
and full retention of initial efficiency after over 1500 h at ambient conditions (25 ◦C and 50% RH).
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Together with other breakthrough studies in which different encapsulation techniques were employed
(glass-glass [5, 41, 85, 100, 101] or polymer-based [83, 140] encapsulation), these results on multilayer TFE
demonstrate some of the longest PSC shelf lifetimes achieved at such high incubation temperature.

To further improve the long-term stability of PSCs in real outdoor contexts, TFE can be easily combined
with other encapsulation strategies, such as glass packaging using thermo/UV-curable sealant, as reported in
a recent research study [86] in which PSCs were encapsulated with a 50 nm thick SiO2 layer and then
protected by a cover glass with a piece of desiccant sealed using a UV-curable epoxy glue. The encapsulated
device maintained approximately 90% of its initial efficiency after 48 h of light soaking at 85 ◦C and 65%
RH, while nearly fully retaining its original efficiency after 432 h in an outdoor humid environment (25 ◦C,
60%–70% RH and dark/light cycles).

Despite the important successes of TFE by means of ALD process, several important issues should be
addressed before the wide application of this deposition technique in PSCs [117, 118, 156]. First, more
advanced ALD deposition processes should be designed to deposit thin films on large area devices with
enhanced accuracy to accommodate the need for industrial mass production of PSC panels. Second, the
growth speed of thin films in ALD will need to be significantly enhanced while maintaining a much-needed
low processing temperature, so as to increase the production rate while minimizing thermal damages to the
perovskite active layer. Third, strategies to simultaneously encapsulate the device edges are required in order
to ensure a hermetic sealing and avert lateral diffusion of water and oxygen. Fourth, it is urgent to minimize
the process cost of TFE in order to limit its impact on the overall cost of the fully encapsulated PSC device,
thus ensuring its wide applicability on the market.

8. Conclusion and outlook

In this perspective, a detailed discussion on currently available encapsulation strategies to improve the
long-term stability of PSCs was presented, highlighting their main strengths and weaknesses (table 2).

Conventional glass-glass encapsulation has demonstrated to provide excellent resilience towards
temperature, oxygen and humidity at a relatively low cost for stable PSCs to be competitive with other
commercial PV technologies. Also, by properly selecting cover and edge sealants (e.g. light-curable adhesives
or butyl rubbers) and by using desiccant material, glass-glass encapsulation has proven to prevent PSC
performance deterioration during encapsulation and side-penetration of water vapor, thus ensuring effective
long-term stability under ambient conditions (>1000 h) [84, 85]. However, the use of rigid glass sheets is not
compatible with flexible and bendable devices. For that, alternative encapsulation techniques have been
developed, namely polymer-based encapsulation and direct thin-film encapsulation. In the former,
solution-processed or laminated polymer films are employed as barrier layers for PSCs. While polymer-based
encapsulants can be easily spin-coated or laminated to achieve flexible PSC devices, their relatively high OTR
and WVTR values limit their effectiveness in the ensuring long-term stability of encapsulated PSCs. In
addition, mechanical stresses in the whole device assembly can have a stronger impact on device performance
compared to glass-glass encapsulation, potentially leading in some cases to delamination. Therefore, to
improve the reliability of polymer-based encapsulation, suitable high-barrier polymeric materials should be
designed, characterized by excellent adhesion and mechanical compatibility with the underlying device
surface. In this regard, the deposition of at least one metal, metal oxide or modified polymer layer on top of
the polymer encapsulant has been demonstrated to effectively act as blocking layer for molecular oxygen and
moisture. This is the rationale behind multilayer thin-film encapsulation, currently considered as the most
promising encapsulation technique for PSCs and other flexible device applications. Indeed, multilayer thin
films directly deposited on the devices can show improved surface adhesion, can effectively suppress volatile
organics from escaping the perovskite material and may exhibit impressive resistance to moisture and oxygen
ingress (WVTR and OTR below 10−5 gm−2d−1 and 10–3 cm−3 m−2d−1, respectively), ultimately allowing
PSC stabilities of over thousands of hours in humid environments at room temperatures. However, the high
process cost and the need for vacuum-based equipment for their production still strongly hamper their
development in industrial scenarios. Efforts should also be made in designing direct TFE processes where the
organic and inorganic layers are deposited with a combination of sufficiently low temperature and short
processing time to prevent degradation of the underlying perovskite material. Additionally, to avoid
side-penetration of oxygen and humidity and therefore to further improve the PSCs lifetime, a strategy to
simultaneously encapsulate the edges of PSC devices is required. As a result, future studies aiming to
overcome the above-mentioned challenges will be pivotally important for the commercialization and real
industrial application of direct multilayer thin-film encapsulation methods. Similarly, the role of polymer
composites in the field of PSC encapsulation is expected to grow in the near future driven by the possibility
of synthetically designing materials with excellent barrier properties towards oxygen and moisture, while
simultaneously ensuring easy processability at affordable processing costs.
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We hope this perspective will become a useful reference for researchers working in the field of PSCs,
stimulating further discussion and research in the area of device stabilization and encapsulation, and
ultimately contributing to the success of perovskite-based materials and devices in the future
PV market.
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