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Abstract: Perovskite solar cells, which are considered the third generation of new concept
solar cells, are known for their high photoelectric conversion efficiency, low cost, and flexible
processing advantages, and have been rapidly development in recent years. its photoelectric
conversion efficiency is gradually comparable to that of silicon cells and has been close to the
level required for industrial applications. However, the main problem with the industrial appli-
cation of perovskite solar cells is their stability. Researchers need to solve the biggest problem
of how to maintain high efficiency for a long time in perovskite solar cells. Encapsulation is
currently being widely studied as a solution to the external stability issue of perovskite solar
cells. A good encapsulation can not only solve the stability problem of the device but also
ensure the safety of the device and extend the service life. The stability of perovskite solar
cells and the conditions for testing it are briefly described in this paper. In the end, the vari-
ous encapsulation structures, techniques, and materials for perovskite solar cells are explained.
The continuous advancement of encapsulation research will lead researchers to optimize and
solve existing problems, leading to the eventual industrialization of perovskite solar cells on a

large scale.
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[. INTRODUCTION

Global energy consumption continues to rise year
on year, and the limited availability of fossil fuels
necessitates vigorous research into sustainable and
renewable energy sources. In this century, solar
energy has become an important source of unconven-
tional energy to meet the energy needs of a coun-
try’s overall development 4 Therefore, the devel-
opment of efficient photovoltaic (PV) cells to harness
solar energy has become important. Solar cells have
a long history of development. Perovskite solar cells
(PSCs), recognized as third-generation PV technol-
ogy, have more advantages over other types of pho-
tovoltaic cells due to their outstanding photoelectric

581 In 2009, researchers

conversion efficiency (PCE)]
first used methylamine (MA) lead halide perovskite
compounds MAPbBr3 and MAPbI3 as visible photo-
sensitizers in dye-sensitized solar cells, demonstrating
a PCE of 3.8%. A variety of technologies have been
developed to improve the performance of perovskite
solar cells, including solvent engineering, interfacial en-
gineering, bandgap engineering, etc. To date, the max-
imum certified efficiency of single-junction perovskite
solar cells has reached 25.7%, which is close to the
PCE of commercial crystalline silicon solar cells ]
Meanwhile, perovskite solar cells also offer the advan-
tages of low extraction binding energy, high optical
cross-section, superior bipolar charge transfer, tunable

n L&) At present,

band gap, and low-cost fabricatio
however, traditional silicon solar cells are still the pre-
ferred choice of the photovoltaic industry, mainly due
to their long life (20-25 years) and non-toxicity 4]
With the development of perovskite solar cell research,
the demand for industrialization has become the key
issue that researchers are focusing on. Lifetime is the
biggest problem for the industrialization of perovskite
solar cells, and the stability of perovskite solar cells

affects lifetime. Researchers have done a lot of work

on this. The degradation mechanism of the perovskite
functional layer and the interaction between the inter-
face of each functional layer of the perovskite solar cell
are discussed in detail X311 The researchers found
that perovskite solar cells are extremely sensitive to
their environment, and their stability is mainly affected

1809

by ultraviolet radiation | , high temperatures, Oxy-

20-21)

gen, and moisture! These factors affecting the

stability of perovskite solar cells are very important and

22] - As a photovoltaic

will be discussed in detail below!
device, perovskite solar cells can often work in harsh
environments, and the failure of perovskite solar cells
due to stability factors makes it impossible to ensure
that it has the same service life as conventional sili-
con solar cells, which is very fatal for the industrial-
ization of perovskite solar cells. Compared with higher
photoelectric conversion efficiency, people want to have
stable and long-term photovoltaic devices. To improve
the stability of perovskite solar cells, researchers are
Firstly,
the fabrication of perovskites that are inherently more

currently working on two main approaches.

stable, as well as other functional layers, is a means of
improving stability in itself. Secondly, encapsulation
has become an important means of improving the sta-
bility of perovskite solar cells to overcome the influence

of the external environment [23-24]

Encapsulation is the process of wrapping the
functional layers of perovskite solar cells with other
materials to isolate them from the potential influence
of the external environment on the stability of per-
For the

validity of the encapsulation, wang et al.[23 say that

ovskite solar cells, as shown in figure

the encapsulation of the device will play a role in the
industrialization of perovskite solar cells, as unencap-
sulated devices typically show severe degradation after
hours of continuous light exposure, while encapsulation
devices last longer. The current encapsulation strat-
egy mainly involves the use of waterproof and Oxygen-
blocking materials to encapsulate the perovskite solar
cell devices, while at the same time not compromising
the integrity of the protective encapsulation, so that the
positive and negative electrodes of the perovskite solar

26] . The purpose of encap-

cell can be used normally!
sulation is to enable perovskite solar cells to maintain

their initial efficiency over time. Li et al.21 devel-
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oped and used an environmentally friendly ultraviolet
(UV) curing material that takes only 1 minute to UV
cure for encapsulation. Since the cured encapsulation
material has a refractive index similar to glass, which
has a non-destructive effect on perovskite, the perfor-
mance of the encapsulation device improves as the cur-
rent density increases. Device stability tests, including
immersion in water and weak acids, outdoor exposure,
—35 °C, and 60 °C/85% RH environments, show ini-
tial efficiencies over 90% after 1 000 hours. To main-
tain high efficiency over time, encapsulation research
has focused on overcoming the factors that affect the
stability of perovskite solar cells. Due to different envi-
ronments of use and commercial requirements, encapsu-
lation materials should have the characteristics of low
cost, high transparency, high stability and good duc-
tility, the most important point is to be inert to per-
ovskite to ensure that it does not react with perovskite.
Moreover, in the structure of perovskite solar cells, the
thermal stability temperature of a part of some hole
transport materials is lower than 85 °C, while MAPDI3,
a widely used perovskite absorption layer, decomposes
above 120 °C, and the thermal stability improvement
of triple cationic perovskite compounds mixed with in-
organic CsT is limited g The above problems indi-
cate that the encapsulation temperature of perovskite
devices is limited by many conditions. At present, the
research direction of perovskite solar cell encapsulation
is mainly carried out from two aspects: reducing the
encapsulation temperature of encapsulation materials
and exploring low-temperature encapsulation technol-
ogy (3 2dbd) Ma et al. 2 developed a low-temperature
(below 100 °C) encapsulation technique using non-
polar, low-cost paraffin wax as an encapsulant. The
results show that the low melting point paraffin can
remove residual Oxygen, water, and delay the release
of volatiles after perovskite decomposition [@‘Q]. Un-
der this encapsulation condition, the phase segregation
and vacancy defects of the perovskite absorption layer
are greatly reduced, thus inhibiting the decomposition
of the film and significantly improving the thermal and
water stability of the device. Finally, the synthesized
device achieved superior long-term stability, maintain-
ing 80% of its initial efficiency after more than 1 000

hours of maximum power point tracking (MPPT). In

TEMPERATURE

UV RADIATION

ENCAPSULATION

Fig. 1. Factors to consider for perovskite encapsulation.

addition, large-area encapsulation technology is one of
the current research directions. There are more and
longer-lasting encapsulation technologies and materi-
als. After many years of research into encapsulation,
researchers have found that many materials and differ-
ent encapsulation technologies can be used for encap-
sulation, and these different encapsulations have their
advantages and disadvantages, which will have different
effects on the final stability and lifetime of perovskite

solar cells.

In this article, we will introduce the fabrication
process of perovskite solar cells and briefly describe
their advantages and disadvantages. It focuses on
current encapsulation strategies for perovskite solar
cells, including encapsulation types, encapsulation
techniques, and encapsulation materials, and explains
their contribution to improving the stability of per-
ovskite solar cells. Finally, the problems facing the
development and industrialization of perovskite solar
cells and the importance of good encapsulation for per-
ovskite solar cells are summarised, and a better control
scheme for the uncertainties of perovskite solar cells is

proposed.

II. POTENTIAL APPLICATIONS OF
PEROVSKITE SOLAR CELL

Perovskite solar cells will have a wider range
of applications than silicon solar cells due to their
excellent properties such as lightness, transparency,
and flexibility. To realize the industrial application of
perovskite solar cells, they are made into modules to
meet the needs of the terminal. This includes the pos-

sibility of replacing silicon cells in the future for solar
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power generation or building-integrated photovoltaics
(BIPV) and car-integrated photovoltaics (CIPV) B3],

Taking BIPV as an example, according to previous
reports, the market share of BIPV is expected to reach
about 11 billion euros, and the installed capacity will
reach 16 GW in 2021, accounting for 13% of the cur-
rent total photovoltaic market, and the value will con-
tinue to grow, and it is predicted that it will continue
to expand at an annual growth rate of 40% in the next
decade. An important feature of BIPV is the solar win-
dow, which not only needs to generate electricity but
also needs to have good transparency for viewing the
landscape. This is something that traditional silicon
solar cells cannot do, and it is also a unique advantage
of perovskite solar cells, because of its translucent and
color-adjustable characteristics, making the BIPV mar-
ket a potential application environment for it B33 In
addition, the flexibility of perovskite solar cells makes
them very promising in wearable or portable electronic
devices, indoor chargers, etc., and further exploration

is needed.

III. PERVOSKITE SOLAR CELLS
STRUCTURE AND FABRICATION
METHODS

A. Structure of perovskite solar cells

Perovskite solar cells mainly consist of an elec-
tron transport layer (ETL), a hole transport layer
(HTL), and an active perovskite layer. The active per-
ovskite layer is sandwiched between the ETL and the
HTLBSA - After the incident light through the glass,
photons with energy greater than the forbidden band-
width are absorbed, generating excitons, which are then
separated in the absorption layer of perovskite, turning
into holes and electrons and injected into the trans-

port material respectively %244

Among them, the
hole is from the perovskite into the HTL, and finally
collected by the metal electrode; the electron is from
the perovskite into the ETL and finally collected by
the ITO/FTO44  Current is generated through a
circuit connecting the ITO/FTO and the metal elec-

trode 647 When light passes through an ETL and

there is a transparent conductive layer in front of the
ETL, it is called an n-i-p structure as shown in fig-
ure E(b) In contrast, p-i-n is used, as shown in fig-
ure E(c) Mesoporous is another structure of perovskite

solar cells as shown in figure E(a) [19,28,50-54]

1. planar structure

The planar structure of perovskite solar cells is
mainly divided into n-i-p and p-i-n structures. The
n-i-p structure is one of the most widely used struc-
tures for the fabrication of high-performance perovskite
solar cells. As shown in figure E(b), the n-i-p struc-
ture consists of a conductive glass electrode (ITO or
FTO), an electron transport layer (ETL, consisting of
a dense TiOs layer 150200 nm thick, and a meso-
porous TiO2/Al;O3 layer 150-200 nm thick), 300-500
nm thick perovskite layer, hole transport layer (HTL,
Spiro-OMeTAD) and 50-100 nm thick hot vapour
deposited gold-plated metal electrodes (Au, Al, Ag).
The n-i-p structure typically consists of a dense ETL
layer about 150 nanometres thick, which can be SnOq
and TiO,. The n-i-p structure has relatively high V.

and Jg. values, but the hysteresis of the device is severe.

In the p-i-n structure, the HTL layer is below the
perovskite layer, as shown in figure E(c) A P-type
semiconductor polymer, such as PEDOT: PSS, is spun
onto an ITO/FTO conductive substrate with a thick-
ness of about 30-50 nm, then a perovskite layer is spun
on top of the HTL, followed by an ETL layer of about
40-60 nm, usually PCBM or Cgg.
layer (Au, Ag, Al) is vapour-deposited as an electrode.
Since PEDOT: PSS is acidic and carnosic, which will
destroy the stability of perovskite devices, PEDOT:
PSS is gradually being replaced by other inorganic p-

Finally, a metal

type semiconductor materials, such as NiO, and CuO,
and because of the use of inorganic p-type semicon-
ductors, the p-i-n structure perovskite solar cells show
very good light stability. The p-i-n fabrication pro-
cess is simpler and cheaper, lower temperature, and is
also suitable for combining with traditional solar cells
to cascade solar energy, so it has attracted more and
more attention from researchers. Compared with the
n-i-p structure, the main problem of p-i-n structure per-

ovskite solar cells is low efficiency. Improving the effi-



DAI Jiaqi et al.: Perovskite Solar Cells Stability Factors And Encapsulaiton For Performance Enhancement 23

(a) mesoporous PSCs

(b) n-i-p PSCs

(c) p-i-n PSCs
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Fig. 2. Schematic representation of the structure of (a) mesoporous PSCs; (b) n-i-p PSCs; (c) p-i-n PSCs.

ciency of p-i-n perovskite devices is the focus of current

research.

2. Mesoporous structure

Mesoporous perovskite solar cells are derived from
dye-sensitized solar cells (DSSCs) and use traditional
mesoporous structures. In this structure, the meso-
porous TiOs (m-TiO2) layer is deposited on the dense
TiO2 (c-TiO2) layer, which acts as a scaffold to better
extract electrons from the perovskite layer. Then, in
most cases, HTLs (spiro-OMeTAD) and the back elec-
trode (gold, silver, etc.) are sequentially deposited on

the perovskite layer.

B. Fabrication technology of perovskite solar

cells
1. Fabrication of perovskite functional layer

Perovskite solar cells are composed of several func-
tional layers, among which the role of the perovskite
layer is to absorb photons, generate electron-hole
pairs, and separate charge carriers, which is the most

important part of perovskite solar cells. Currently, the

main fabrication methods include blade coating, groove
coating, spraying, inkjet printing, screen printing, elec-
trodeposition, physical vapour deposition (PVD), and
chemical vapour deposition (CVD). To make the pho-
tovoltaic device more efficient, it is necessary for the
perovskite layer to fully absorb photons, produces high-
quality carriers, and complete carrier transport, and it
is necessary to obtain high crystallinity and uniformly
dense perovskite film during the fabrication of the per-
ovskite layer. In particular, the uniformity of large-area

perovskite films must be ensured for future industrial-

ization 554 .

2. Fabrication of other functional layers

Other
cells can still be prepared by liquid phase and

functional layers of perovskite solar
deposition methods, such as polybis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA), self-assembled mono-
layer (SAMs) materials, and metal oxide nanoparticles
(SnOg2, TiO2) can be deposited by solution methods,
while other materials such as insoluble organic com-
pounds and inorganic oxide can adopt vapour phase

deposition.
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IV. STABILITY OF PEROVSKITE SOLAR
CELLS

Although the current power conversion efficiency
of perovskite solar cells has become increasingly high,
poor stability is one of the main challenges hin-
dering the industrialization of perovskite solar cells
(PSCs) 1228 | The degradation of the perovskite layer
and the HTL and ETL affect the performance of the
device. In this chapter, we will discuss the effects of
thermal, stress, moisture, and ultraviolet illumination

on the stability of the perovskite layer.

A. Key factors for stability
1. Thermal stability

In general, organic-inorganic hybrid perovskites
are generally particularly prone to decomposition at
high temperatures because the organic components are
inherently more volatile and only weakly bonded to

69611 Therefore, it is

the inorganic Pblg framework
of great importance to develop a feasible method to
improve the thermal stability of perovskite!®2. The
commonly used perovskites undergo a continuous phase
transition for low temperatures (T' <162.2 K) distort-
ing the oblique cross state to the medium temperature
(162.2-327.4 K) tetragonal phase, and then, ideally, the
cubic phase >327.4 K. When the temperature is fur-
ther elevated, the perovskites decompose into volatile

methylamines and HI compounds 63!,

While the mixed halide/cationic perovskite im-
proves the performance index of perovskite solar cells,
some researchers have also investigated its thermal sta-
bility. Yang et al.[%4 carried out a systematic study
on the thermal stability and degradation mechanism of
mixed cationic (Cs/FA/MA) mixed halide (I/Br) per-
ovskite at 85 °C. They found that after 12 h, 24 h, and
48 h heat treatment of mixed cationic perovskite film
fabricated into a complete device, found that the device
efficiency gradually decreased from the initial 15.06%
to 13.24%, 11.70%, and 8.37%, and the open circuit
voltage, short circuit current, filling factor, and device
EQE showed a considerable degree of attenuation. To

further investigate the changes in the perovskite layer,

the researchers performed SEM morphology charac-
terization and XRD and photoelectron spectroscopy
The study found that

the thermal degradation of the perovskite started from

tests on the perovskite layer.

the surface layer by layer down, which was caused by
the intrinsic defects on the surface and the suspension
bonding, which reduced the activation energy required
for degradation. MA and I ions showed a synergistic
effect and jointly led the degradation technology of per-
ovskite, while Cs, FA, and Br ions showed good stability
at 85 °C%64  The reaction of temperature-induced

perovskite degradation can be expressed as follows.

CH3NH3PbI — Pbly + CH;NH, + HL. (1)

Since the effect of heat on the performance of per-
ovskite solar cells is almost unavoidable, researchers
have tried to enhance the thermal stability of per-
ovskite solar cells in certain ways. Typically, they will
use solvent engineering and device engineering meth-
ods to improve the thermal stability of perovskite solar

B7%59  For organic perovskite, Uddin et al.[d

cells
demonstrated that a mixture of crystalline thermo-
plastic polymer additives, such as polyethylene oxide
(PEO, 100 000 MW) and polyethylene glycol (PEG,
12 000 MW), can improve the thermal stability of
CH3NH3Pbl; (MAPDI;) perovskite, thereby improving
device stability. As a result of the thermoplastic shield
and Lewis base acid reactions between the hydroxy
groups in the PEO+PEG mixture and the uncoordi-
nated Pb?T in the MAPDI; perovskite, PEO+PEG-
based PSCs exhibit increased thermal stability at 85 °C
in ambient air compared to the control device. Thus,
this approach could be employed to stabilize different
kinds of perovskite-based photoelectric device topolo-
gies. Thus, this approach could be used to stabilize
different types of perovskite-based photoelectric device
topologies. In addition to solvent engineering, some
researchers have tried different encapsulation methods
to achieve thermal stability in perovskite solar cells. Shi
et al. %9 proposed an encapsulation strategy for ther-
moplastic polyurethane (TPU), an inexpensive encap-
sulation method that not only greatly reduces the pho-
toluminescence (PL) intensity loss but also improves

the thermal stability of perovskite solar cells.

In the fabrication process of perovskite solar cells,
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the high fabrication temperature of each functional
layer can directly lead to the degradation of the per-
ovskite active layer. During operation, factors such as
light and ion/electron transport and leakage current
increase the temperature of the photovoltaic module;
in the future industrialization process, the mismatch
between the thermal expansion coefficients of different
materials and the uneven temperature distribution dur-
ing operation will cause the large-area perovskite solar
cells to generate different thermal stresses, leading to
thermal stress failure, thus affecting their stability. As
the main factor affecting the performance of perovskite
solar cells, heat should be the focus of future research.
For the encapsulation of perovskite solar cells, thermal
stability requires that the encapsulation technologies
and the materials themselves have good heat resistance,
and good chemical stability at high temperatures, it is
best to have good heat dissipation capacity, and the
heat that can degrade the perovskite is not generated

during the encapsulation process.

2. Stress stability

The residual stress produced in the technology of
perovskite fabrication is one of the factors affecting
the life of perovskite solar cells, but it is often over-
looked [71],

arrangement of the atoms and cause their displacement

Because the material defects disrupt the

to change, the particle orientation and tilt are oppo-
site to cause deformation, resulting in residual stress.
The residual stress of the stretched perovskite film can
exceed 50 MPa, a level sufficient to deform copper.
These stresses can cause the perovskite layer to crack,
generate leakage current, or cause the perovskite film to
be uneven. Wang et al. " investigated the perovskite
lattice distortion of residual stress (and strain) in poly-
The results show that the residual

stress is concentrated at the surface of the prepared

crystalline films.

film, and an effective method of releasing the interfa-
cial stress by A-position cation alloying is proposed.
This leads to a lattice reconstruction of the surface
of the polycrystalline film, resulting in a low modu-
lus of elasticity. As a result, a "bone-joint” structure
is formed at the interface between the absorber and

the carrier transport layer, which greatly improves the

performance of the device.

In addition to the residual stress that occurs during
perovskite fabrication, thermal stress caused by heat
during the operation of perovskite solar cells should also
be a concern. Pisoni and colleagues ™ investigated the
mechanism of mechanical stress and failure within the
perovskite layer due to light heating and found that
heat from light does not dissipate well because MAPDI3
(CH3NH;3PbI3) has very low thermal conductivity for
both larger monocrystalline and polycrystalline forms.
This means that heat from light deposits inside per-
ovskite does not spread out as quickly, resulting in
mechanical stresses that limit the lifespan of photo-

voltaic equipment [7374]

In general, studies of the stress stability of per-
ovskite are few and complicated. The influence of force
exists not only at the microscopic scale of the per-
ovskite but also at the large scale of the perovskite.
This includes perovskite layers, metal electrodes, and
hole/electron collection layers. To overcome the effects
of stress on perovskite solar cells, future researchers
should focus on the fabrication method of perovskite
and the matching the thermal expansion coeflicients of
The strength of the
encapsulation materials should be sufficient to protect

different parts of the material.

the functional layers of the perovskite solar cell from
damage by external forces, and its modulus of elastic-
ity should be adequate to ensure not only stiffness after

encapsulation but also some flexibility.

3. Moisture stability

Moisture is deadly to perovskite solar cells because
the cations in perovskite dissolve well in water, at
the same time, the most common ammonium ion
in MAPDbI3 can also react with water Lewis acid-
7571 | water deprotonates the methylammonium
[’&79 | The stability of per-

ovskite solar cells in wet environment is a challenging
80]

base!
ion to form methylamine
problem | Due to its importance, researchers have
made many studies on the mechanism of water accel-
eration of perovskite degradation. Frost et al.BY pro-
posed a reasonable degradation pathway for MAPDI3
in the presence of water, which undergoes a similar

water-assisted degradation technology in which methy-
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lamine groups are lost through sublimation to form lead
iodide. Previous studies have reported that perovskite
solar cells are severely affected by environmental sen-
sitivity to water and oxygen due to the degradation of
perovskite by hydrolysis reactions, which is represented

by the following chemical equation 23 .

CH3;NH;PbI;(s) ~22 Pbly(s) + CHsNH;I(ag),(2)
CH3NHsl(aq) — CH3NHs(aq) + HI(aq), (3)
4HI(aq) + O — 2Is(s) +2H20(agq), 4)

)

(
(
(
4HI(ag) * Hy(g) + Ia(s). (5
Although three-dimensional (3D) perovskite solar
cells have a high power conversion efficiency (PCE),
they are unstable under humidity, oxygen, and ultravi-
olet light B2, In recent years, 2D perovskite solar cells
have begun to receive attention for their better sta-
bility (8983841 " The hydrophobicity of two-dimensional
perovskite organic space and its relatively stable struc-
ture improve the stability of perovskite solar cells (23],
The above method can be called chemical structure

(B3] which can also use mixed

687 8889

engineering method
halide compositions cation substitutio
Improving moisture stability can also be done using
Yu et al.BY used a

different type of spacer cation, 1,4-butanediamonium

interface engineering methods.

Fabrication of perovskite precursor by (BDA2*)
and  2-phenylethylammonium (PEA™),
(BDA)1_o(PEA5) MA PbsX15. They found that the
crystallinity and vertical orientation of two-dimensional
perovskite (BDA)g s (PEA2)g.2MA4PbsX16 films could

be improved by using mixed spacer cations. In addi-

formula

tion, complementary humidity and thermal stability
are achieved due to the enhanced interlayer interaction
of BDA?t and the improved moisture resistance of
the hydrophobic groups of PEA*. After 500 hours
of storage in ambient air at 40+5% relative humidity
or 100 hours of storage in nitrogen at 60 °C, the
encapsulated device retained over 95% and 75% of its
initial efficiency, respectively. Finally, stability can
also be improved through the encapsulation device 24
As shown in the figure E, Wang et al.P!l took into
account the water vapor transmittance and process
temperature through organic-inorganic alternating
layer encapsulation. At 50 °C encapsulation tem-

perature, the water vapor transmittance was only

1.3 x 107° gm~2.d~1). After exposure at 30 °C and
relative humidity of 80% for 2000 h, the device retained
96% of the initial effectiveness (17.01%). After 300
min underwater, the sealer retained 95% of the initial

efficiency.

Moisture stability can be said to be the most criti-
cal factor affecting the stability of perovskite solar cells,
so researchers have done a lot of research and sought
some solutions. For the industrialization of perovskite
solar cells, encapsulation is still the simplest, cheapest,
and most effective way to achieve moisture stability.
The encapsulation materials and encapsulation tech-
nologies can ensure that the perovskite solar cell is not
damaged by water as long as it has good water resis-

tance performance.

4. Photostability

The study found that the UV-light illumination of
perovskite is another serious problem in the applica-

3 The perovskite active

tion of perovskite solar cells
layer will be damaged by long-term exposure to ultra-
violet light in the environment, resulting in an increase
of defects in the perovskite layer and eventually degra-

(7803-04]  To assess the

dation of the perovskite layer
photostability of perovskite solar cells, the light soaking
test in IEC 61215 can be referred to. Due to the work-
ing environment of photovoltaic modules, the decrease
in the stability of perovskite solar cells brought by light
must be considered P2 . The chemical equation of the
reaction of the MAPBI3 perovskite layer in a descend-

ing light state is as follows:

(

o1~ M Ty(s)+2e, (
CH;NH{ (s) 2% 3CH;NH,(g)+3H* (g), (8
I" +Ix(s) + 3H'T +2¢~ — 3HI(g). (

Some researchers believe that the method of sur-
face passivation of perovskite is the key to improving
A good

passivation agent can significantly improve the dura-

the photostability of perovskite solar cells.

bility of the perovskite layer. Kanda et al. 2 applied
fluorinated passivation to improve photostability and

found that fluorinated passivation can prevent the for-
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200 nm

20 nm

Fig. 3. Schematic diagram of the structure of the PSC and a cross section scanning electron microscop&]i age of the PSC
with the enclosing layer and a transmission electron microscope image of the barrier layer on the PSC 1l

mation of Pb on the perovskite surface, thereby inhibit-
ing defection-induced recombination and improving the
durability of perovskite solar cells. At the same time,
in the XRD results, the diffraction pattern is shown
in figure [{P3 | with peaks at 100, 110, 111, and 200
reflections, corresponding to a cubic structure. Before
light immersion, the diffraction pattern did not change
with or without PFOTES, indicating that the passiva-
tion material did no effect on the crystal structure of
perovskite. Other researchers have proposed that the
photostability of the perovskite layer is affected by the
other functional materials in the perovskite solar cell.
Yang et al. B4 believe that the TiOq layer is a kind of
photocatalyst, which will accelerate the decomposition
of perovskite film under UV irradiation, but the effi-
ciency of the perovskite solar cells will be significantly
reduced if the TiOs layer is removed. Therefore, they
inserted a layer of Bphen between the ITO substrate
and perovskite film through chemical engineering tech-
nology. A TiOs-free PC was been developed with good
photostability and an average PCE of about 18.53%.
Therefore, a stable ETL should be a prerequisite for

the long-term operation of perovskite solar cells.

Since encapsulated devices are generally effectively
insulated from moisture and oxygen, light-induced
instability of perovskite solar cells has become another
problem to be solved by encapsulation. Sunlight irra-
diation to the earth’s surface and its ultraviolet irradi-
ation intensity of an average of 4.61 mW /cm?, despite

the protection of the ozone layer can be removed from
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Fig. 4. (a) XRD with PFOTES passivation on perovskite
layer comparing before and after light soaking. (b) XRD
without %FOTES. Concentration of PFOTES solution was
10 vol% B9,

the sunlight in some of the bands of ultraviolet light,
but there are still strong ultraviolet rays, including
UVA (320400 nm) and UVB (280-320 nm) can be
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irradiated to the earth’s surface, of which the UVB
band of ultraviolet light has the strongest destructive
ability, and it is very easy to degrade the perovskite,
thus affecting the photoelectric conversion efficiency
To alle-

viate the impact of ultraviolet light on perovskite solar

as well as the photostability of the device.

cells, the current use of ultraviolet filters added to the
light source, to avoid the use of titanium dioxide and
other materials with ultraviolet degradation, or to add
materials with the nature of the upconversion, absorp-
tion or filtration of ultraviolet wavelengths in the source
of light and other ways. In the process of practical
application, the encapsulation method to reduce the
impact of ultraviolet rays on the calcium titanium ore

solar cells should be the most simple.

B. Measures of perovskite solar cells stability

The previous article mentioned that the industri-
alization demand for perovskite solar cells is similar to
that of traditional silicon solar cells, which require long-
term stability, and summarised some important factors
affecting the stability of perovskite. As a photovoltaic
product, perovskite solar cells need to undergo some
specific harsh environmental stability tests and accel-
erated simulator aging to infer the potential long-term
operating performance of the module. Among these,
the International Electrotechnical Commission (IEC)
test standards are the most authoritative and compre-
hensive performance tests for photovoltaic products.
Test conditions and details of pass requirements are col-
lected as IEC 61215 standards P28 Figure 5[98] and
table ﬂ[97] show simplified flow charts and protocols for
module stability testing based on IEC61215. To date,
the stability of perovskite solar cells has been tested by

most researchers using the method in this standard.

According to TEC 61215:2016, perovskite samples
should pass a series of tests based on external inputs,
temperature, humidity, or UV exposure, specifically
targeting the main causes of perovskite degradation
that commonly occur. The test items include the basic
characteristics of perovskite solar cells during opera-
tion, stress test, wet heat cycle test, and mechanical
stability test (hail test and mechanical load test). The

most important is the humid heat test, the thermal

cycling test, the light soaking test, and the UV precon-
dition test, each of which characterizes the influence of
several key stability factors on perovskite solar cells in
the next chapter. It can also be improved by encapsu-

lation.

Currently, the British Standards Institute (BSI)
is proposing the more specific specification IEC TR,
63228:2019, which summarises current thinking on the
performance evaluation of emerging photovoltaic tech-
nologies, in particular, OPV, DSC, and PSC devices.
This is very useful for the development of research
Due to

their unique material properties, perovskite solar cells

into the stability of perovskite solar cells.

require more detailed and stringent test standards to

evaluate their performance.

V. ENCAPSULATION

Photovoltaic (PV) power generation devices are
used as a clean energy source, and the operational life
of the modules is usually required to be more than
20 years. Taking traditional silicon solar cells as an
example, once the adhesive film and back sheet of the
battery module start to yellow and crack, the battery
will easily fail and be scrapped, so the encapsulation
material plays a crucial role in improving and guar-
anteeing the quality of photovoltaic modules. Unlike
traditional photoactive materials such as silicon, per-
ovskite materials exhibit significant ionic properties,
which limits the long-term stability of perovskite mate-
rials due to the relatively low activation energy of ion

migration within the perovskite layer P4

The above-mentioned tests are required for photo-
voltaic devices, as well as several factors affecting the
With the demand

for the commercial development of perovskite solar

stability of perovskite solar cells.

cells, which requires a larger photovoltaic area and

longer stable operation 10

, the encapsulation method
will provide a protective barrier for perovskite solar
cells to prevent the above-mentioned factors that can
affect the stability of perovskite solar cells from affect-

ing photovoltaic devices[L01-105]

In this paper, the
perovskite encapsulation is divided into three parts,

namely encapsulation structure, encapsulation technol-
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TABLE I. According to IEC 61215 photovoltaic module test items and conditions.

Test Conditions

Measurement of temperature coefficients

Temperature coefficients for the current (a), voltage (8) and peak power (9).

Measurement of nominal module operating Module operating near maximum power point

temperature

Total solar irradiance: 800 W/m?

Ambient temperature: 20 °C
Wind speed: 1 m/s

Performance at low irradiance

Cell temperature: 25 °C

Irradiance: 200 W/m? with IEC 60904-3
reference solar spectral distribution

Light soaking test

Cell temperature: 50+10 °C

800-1 000 W/m? with TEC 60904-9
reference solar spectral distribution or a class CCC or better simulator

UV precondition test

15 kWh/m? total UV irradiation in the wavelength range

from 280 nm to 400 nm with 3% to 10% UV irradiance in the
wavelength range from 280 nm to 320 nm at 60+5 °C

Thermal cycling test

50 or 200 cycles from —40 °C to 85 °C with current

as per technology specific part up to 80 °C

Damp heat test
Humidity freeze test
Hot-spot endurance test

1000 h at +85 °C, 85% RH
10 cycles from 85 °C, 85% RH to —40 °C with circuitry continuity monitoring
Exposure to 1000 W/ m? irradiance in worst-case hot-spot condition

Light Heat Moisture
8 Modules | | I
1 Module 2 Module 2 Module | 2 Module | | 1 Module |
Preconditioning Temperature Thermal cycling test UV Preconditioning Damp heat test
5 kWh m?2 coefficients 200 cycles test 1000 h
[ -40°C to +85 °C 15 kWh m2 85°C 85% RH
NOCT ‘ |
Visual inspection Thermal cycling test
Perf t 50 cycles Wet leakage
erformance a 40 ° o current test
STC and NOCT stORCIToRSoRY
Maximum power [ |
determination ” Humidity freeze test
Fl’e olrmgfu:'e at 10 cycles Control
ow Irradiation -40°Cto +85°C 85% RH | 1 Module 1 Module

Insulation test

Wet leakage
current test

Bypass diode
thermal test

Hot-spot
Endurance test

| |
Outdoor exposure 1 Module Hail test
test 60 kWh m2 |

[ 1 Module

Terminations test
| \

Mechanical
load test

-

Robustness of

Mechanical

Fig. 5. Full test flow for design qualification and type approval of PV modules

ogy, and encapsulation materials. At the same time,
some research results in recent years are presented, as
well as the impact of this research on perovskite solar

cell encapsulation.

A. Encapsulation structure

Encapsulation structure refers to the composition

type of the encapsulation as a whole, which can be

[0g]

simply divided into full coverage encapsulation and
edge encapsulation in perovskite solar cell encapsula-
tion, these two encapsulation structures are the most
common in perovskite encapsulation. Common encap-
sulation methods can be roughly divided into two cate-
gories, figure B(a) is full coverage encapsulation, which
usually fabricates the encapsulation layer at the top of
the module, and figure 6b is edge encapsulation 100

this encapsulation structure typically uses glass-glass
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encapsulation technology and encapsulant is applied

=/
-

Fig. 6. (a) Full coverage encapsulation diagram; (b) edge
encapsulation diagram.

around the module.
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1. Full coverage encapsulation

The full coverage encapsulation method is in di-
rect contact with the perovskite solar cell device, which
has high requirements for the encapsulation material
and technology, first of all, it should have high light
transmission, and at the same time can block ultra-
violet radiation. Encapsulation materials need to be
chemically inert to the perovskite functional layer, to
ensure that it does not affect the performance of the
functional layers. Full coverage encapsulation greatly
improves the stability of perovskite solar energy, this
structure resists the maximum amount of water oxy-
gen. For perovskite solar cells to maintain stability,
usually use a polymer as an encapsulation material or
use atomic layer deposition to fabricate water-oxygen
insulation film fiod)

2. Edge encapsulation

Edge encapsulation structures are shown in figure
H(b) The advantage of edge encapsulation is to reduce
the contact with each functional layer and reduce the
possibility of encapsulation materials and perovskite
reaction, but the effect of encapsulation can be cor-

respondingly reduced, to further increase the effect of

water resistance, which can add desiccant in the tech-
nology of edge encapsulation fiod) Due to the sim-
ple operation of edge encapsulation structure, many
options of encapsulants, and low price, edge encapsula-
tion has been widely studied at present, mainly focusing
on the improvement of encapsulants, and researchers
are committed to finding more long-term, stable encap-
sulants with less impact on perovskite. Some commonly

used encapsulants are described below.

B. Encapsulation technology

We divide the most common encapsulation tech-
niques into glass-glass encapsulation, organic material
encapsulation such as polymer encapsulation and
inorganic thin-film encapsulation such as atomic

layer deposition (ALD) and plasma-enhanced chemical

vapour deposition (PECVD) fiod-i1d i12-u1d)

1. Glass-glass encapsulation

Glass-glass encapsulation is a typical edge encap-
sulation as shown in figure 6b and it has two criti-
cal components, one edge encapsulant and the other
one is glass. The Glass encapsulant must have good
light transmission and the edge encapsulant is mainly
used to isolate water and oxygen []. Currently, this
technology is the most common encapsulation method
for all types of solar cells, which is one of the most
widely used strategies to improve the long-term sta-
bility of perovskite solar cell equipment. Silicon solar
cells can operate stably for up to 20 years using a
glass-glass encapsulation[@7‘]. This encapsula-
tion technology is usually performed at (>100 °C), and
the temperature sensitivity of perovskite makes glass-
glass encapsulation not ideal for perovskite solar cells.
To avoid degradation of perovskite during encapsula-
tion and curing, lower temperature encapsulants and
UV-curable encapsulants have been developed, such as
ethylene vinyl acetate (EVA), butyl rubber and poly-
isobutylene (PIB), epoxy resins or epoxy adhesives, and
different edge encapsulants such as butyl rubber, PIB
or UV epoxy adhesives fi17-i21 2 fi2d] . Considering the
application of photovoltaic devices, glass-glass encapsu-

lation are not suitable for use in flexible devices, which
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limits many application scenarios for perovskite solar

cells.

2. Organic thin-film encapsulation

Because glass-glass encapsulation technology
requires materials such as encapsulant and glass, each
step can lead to a reduction in the lifetime of per-
ovskite solar cells. The researchers began using organic
thin-film encapsulation to encapsulate perovskite solar
cells. As an encapsulation layer, organic materials
have the advantages of high flexibility, bendability,
and low cost, and are suitable for the encapsulation

of rigid or flexible devices 25127

Organic thin-film
encapsulation is mainly polymer encapsulation, and
many studies in recent years have shown that the low
cost and easy availability of polymer encapsulation
technology make it attractive in the fields of dye-
sensitive solar cells (DSSCs) 1281301 organic polymer
solar cells (OPVs), etc35132 - For flexible perovskite
solar cells, organic film encapsulation technology has
great potential, especially in large-scale encapsulation,
its fabrication process and the diversity of raw mate-
rials make it a major choice for perovskite commercial
encapsulation 133133 Several types of organic mate-
rials can be used for this purpose, examples include
polymethyl methacrylate (PMMA), polyethylene
terephthalate (PET), polytetrafluoroethylene (PTFE),
polycarbonate (PC), polydimethylsiloxane (PDMS),
ethylene vinyl acetate (EVA), polyethylene naphtha-
late (PEN), flexible polymer-based hybrid multilayers,
and polymer composites Material. The encapsulation
of organic materials needs a low water vapour trans-
mission rate (WVTR), high light transmission, good
thermodynamic properties, and chemical inertness to

the functional layers of the solar cell [L13:116]

This technology is a full coverage encapsulation
and has a good effect. At the same time, similar
to glass-glass encapsulation technology, organic thin-
film technology mostly requires thermal curing tech-
nology, which can also make it possible to cause per-
ovskite degradation. Therefore, low-temperature or-
ganic thin-film encapsulation technology needs to be

further developed.

3. Inorganic thin-film encapsulation

Inorganic thin-film encapsulation technology has
great advantages over other encapsulation technolo-
gies. Water vapour transmission rate (WVTR) and
oxygen transmission rate (OTR) are very low because
the encapsulation can deposit single or multilayer films
directly on the perovskite device. In addition, a variety
137 A wide

variety of materials can be used as barriers (i.e. AloOs,

of deposition technologies are available

SiO,, TiOs, or organic-inorganic hybrid polymer lay-
ers) and can be used for chemical or physical vapour
deposition (CVD, PVD), plasma-enhanced chemical
vapour deposition (PECVD), or atomic layer deposi-
tion (ALD)[L3&142]  In addition to good encapsula-
tion performance, this technology is highly adaptable

to many types of hole transport layers 143

The water resistance and oxygen resistance of inor-
ganic film encapsulation technology are very good, but
this technology is complex and expensive, and cannot
be used as the first choice for large-scale commercial
perovskite solar cell encapsulation, researchers are fur-

ther improving the applicability of this method.

C. Encapsulation material

The main purpose of perovskite solar cell encap-
sulation is to prevent perovskite degradation caused
by the reaction of water, oxygen, and, as well as the
leakage of harmful substances in the perovskite [144-146]
One of the most important is to prevent water vapour
from entering the perovskite solar device, causing per-
ovskite degradation. To ensure a satisfactory encapsu-
lation effect, the encapsulation material must have suit-
able thermal expansion properties. Its oxygen trans-
mission rate (OTR) and water vapour transmission rate
(WVTR), which represent the rates at which oxygen
and water vapour are transferred through the encapsu-
lation material, must be sufficiently low L13147-148] Ry
the minimum standard of encapsulation materials, you
can refer to the standard of encapsulation materials for
OPV devices proposed by Ahmad et al.[149 as shown
in table @ This chapter of this article will introduce the

current perovskite solar cell encapsulation materials.
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TABLE II. Specifications and requirements for OPV encapsulation materials.

Characteristics Specification of Requirement
WVTR 10°°-10 % gm Z.d T
OTR 1073-107° cm®m~2%.d " tatm ™!

Glass transition temperature (Tg)
Total hemispherical light transmission
over the wavelength range from 400 nm
to 1100 nm

Hydrolysis

Water absorption

Resistance to thermal oxidation
Mechanical creep

Tensile modulus

Chemical inertness

UV absorption degradation

Hazing or clouding

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

None (80 °C, 100% RH)

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

None (90 °C)

<20.7 Mpa (> 3000 psi) at 25 °C
No reaction at 90 °C

None (> 350 nm)

None (80 °C, 100% RH)

1. Glass-glass encapsulant

Standard glass-glass encapsulation is the most
With this
method, the top and bottom are perfectly protected

commonly used method in photovoltaics.

with glass, but the edges are more vulnerable. Moisture
can penetrate through the edges, so proper edge sealing
must be used to fully protect the device (B . In the
case of flexible devices, the encapsulation architecture
plays an important role in the stability of the device.
Research into glass-glass encapsulation focuses on two
main aspects: the choice of edge encapsulants and
more advanced encapsulation technology. Matteocciet
al.[] adopted several different encapsulation meth-
ods to encapsulate PSC (the effective area is 1.05 cm?)
as shown in figure ﬁ, and the average PCE can reach
13.6%. They studied the external degradation caused
by the environment separately from the internal degra-
dation caused by the material itself, and compared five
different glass sealing methods. The best encapsula-
tion method was based on polyimide tape sealing using
UV-cured epoxy resin and edge seal adhesive together.
After encapsulation, in a dark environment with 30%
relative humidity, the device can maintain the initial
efficiency (13.6%) for more than 1 300 h. Their pro-
posed concept of combining full coverage encapsulation
with edge encapsulation can effectively reduce the net
efficiency loss caused by thermal stress and high pres-
sure in the sealing process and has practical implica-

tions for achieving better encapsulation efficiency.

100°C EXposure Light

ot ot . —t

(d = Eggti(e) y ()
=5 D) et

Fig. 7. (a) Encapsulation with thermoplastic sealant
(Surlyn60); (b) Encapsulation with ultraviolet curing
adhesive (three bond) ; (c¢) Encapsulation with UV curable
epoxy resin; (d) Encapsulation with polyimide tape and UV
curable adhesive; (e) Use polyimide tape as primary seal,
UV curable adhesive glass as secondary seal, and the most
additional edge seal of three adhesive; (f) Unencapsulated
blank sample.
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This section summarises some of the material
parameters used as adhesives in glass-glass encapsula-
tion shown in table .

2. Organic encapsulation materials

Organic encapsulation materials are mainly poly-
mer materials used for organic thin-film encapsulation
and as encapsulants for edge encapsulation []. As

mentioned above in the section on organic thin-film
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TABLE III. Properties of commonly used glass-glass encapsulant materials.

Materials WVTR Application Transmittance Elastic modulus Long-term Cost Ref.
(gm™2.d7')  condition (%) (Mpa) stability ($/ kg)
EVA 28 140 °C, 91 10 40% RH, retained 95%  3.3-4.7 [EIRTLL
650 mbar of the original PCE
20 min after 1 000 h
PIB 1072-1073 90 °C, 92 N/A 85 °C, 85%RH, no loss after 0.22-6.8 [R7LLT
300-400 mTorr 500 h and retain its
10 min initial PCE after 200 cycles
PU 16 UV light N/A N/A At 18-30 °C, N/A )
10 min 28-65% RH, retain 94% of
the PCE after 2 500 h
POE N/A 150 °C, 90 9.1 85 °C, 85% RH, 1. 85 (4]
500 mbar retain 60% of initial (DuPont
8 min PCE after 900 h 8150)
UV-cured 0.15 80 °C, 90 15-40 at 40 °C, 30% RH, 20 i)
epoxy 100 kPa retain 90% of the initial
15 min PCE after 45 days
Butyl 10%2-10° 90 °C, 92 9 N/A N/A 4]
rubber 400 mbar
PI N/A Xenon lamp 90 N/A ambient atmosphere, N/A (4]
tape at 25 °C retain 97% of the PCE

for 1 000 h

encapsulation technology, the main encapsulation poly-
mers are PMMA, PIB, EVA, etc. The following is a
review of research into the encapsulation properties of

organic materials [23:152]

Ethylene-vinyl acetate (EVA) is a popular encap-
sulant for photovoltaic modules worldwide and has
been used for more than 25 years[153 . EVA has many
attractive properties such as high light transmission
(91%), the volume resistivity of 0.2-1.4x 106 Q-cm and
adhesive strength of 9-12 N/mm (90° peel).

ever, EVA degrades to acetic acid, which lowers the

How-

pH and generally increases the rate of surface corro-
sion. EVA also undergoes a glass transition, starting at
around —15°C, making its use in environments below
—15 °C questionable. Despite these drawbacks, EVA
has proven to be a good encapsulant material for silicon
solar cells. However, perovskite solar cells are more sen-
sitive to external conditions than silicon solar cells. It
can be used not only for organic thin-film encapsulation
but also as an encapsulant for edge encapsulation. The
thermal expansion coefficient of perovskite is 10 times
higher than that of the glass substrate or transparent
conductive oxide. Therefore, mechanical stress caused
by temperature changes accelerates the degradation

of these layers through delamination. Cheacharoen

et al.[154] calculated the fracture toughness of a per-
ovskite solar cell stack in a temperature cycle from —40
°C to 85 °C, using EVA as the encapsulant between two
3 mm thick pieces of glass, and using polyisobutylene
encapsulant at the edges. As shown in figure E(a), after
200 thermal cycles, the EVA encapsulated device still
retains 90% of its initial performance, and they con-
clude that due to the low modulus of EVA, the device
strain caused by heat is dissipated by EVA. However,
the upper-pressure temperature of EVA (>130 °C) is
Therefore, EVA

does not appear to be an efficient encapsulant for per-
104]

dangerous for perovskite materials.

ovskite solar cells

Surlyn is DuPont’s ionomer resin copolymer of
ethylene and methacrylate. It has good chemical
inertness and electrical insulation properties and has a
low water vapour transmission rate (WVTR)[125156]
Surlyn has been used as an encapsulant for almost
all organic electronic devices, such as OLeds™% and
OPVs158] - Cheacharoen et al.[1>4 also conducted the
encapsulation experiment of Surlyn, mainly because the
mechanical properties of Surlyn and EVA are very dif-
ferent. The modulus of elasticity of EVA is 10 Mpa
and that of Surlyn is 394 Mpa. As a result of Surlyn’s

high modulus of elasticity, the encapsulation structure
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Fig. 8. (a) EVA encapsulated devices and (b) normalized PCE.

creates subtle defects under temperature changes, pro-
viding a path for water and oxygen to enter the device,
resulting in serious performance degradation during
testing.

Polyisobutylene (PIB) is a vinyl polymer with a
low WVTR (102-102 gm 2-d 1)and a low glass transi-
tion temperature (—75 °C), of elastic modulus is 9 Mpa.
which makes PIB also a popular encapsulation mate-
rial for photovoltaic modules []. PIB is mainly used
as encapsulant for edge encapsulation. Shi et al.[]
tested encapsulated perovskite solar cells using PIB as
an encapsulant and found that PIB-encapsulated per-
ovskite solar cells can operate stably for at least 200
days. Current-voltage measurements were taken under
the damp heat cycle test standard of IEC 61215 and
AM 1.5 G sunlight to monitor the change in PCE. After
540 hours of heat and humidity testing and 200 ther-
mal cycles, the efficiency is still good. They believe
that PIB as an encapsulation material can effectively

ensure the stability of perovskite solar cells.

Epoxy resin is a thermosetting polymer with
unique mechanical, electrical, and optical properties.
Compared with EVA | epoxy resin has a lower operating
temperature. The properties of epoxy resins are mainly
determined by the formulation of their monomers and
their additives (15159 Shi et al.[] compared with
PIB, ethylene-vinyl acetate copolymer (EVA), and UV-
curable epoxy resin, PIB has the best encapsulation
effect, which can effectively prevent the entry of exter-
nal water and oxygen, and inhibit the volatilization of
internal decomposition products. At the same time,

they designed three different encapsulation structures

(figure E) PIB was used for edge encapsulation in both
methods 1 and 2. The difference was that in method
1, the gold film layer was used as the positive contact,
and the FTO layer was used as the negative contact.
In method 2, the positive and negative contacts are
provided by the FTO layer. Method 3 uses PIB for
the complete coverage encapsulation, and the positive
and negative contacts are provided by the FTO layer.
The results show that method 3 has the best encapsu-
lation effect, and the PSC of the encapsulation remains
at 90% of the initial efficiency (8.7%) after 540 h of
the damp heat test at 85 °C and 85% relative humid-
ity.  Under the condition of 85% relative humidity,
after 200 freeze-wet cycles (—40-85 °C), 90% of the
initial efficiency can be maintained. Epoxy resin is a
widely used encapsulation material at present, but it
tends to age and discolor, which reduces light trans-
mission. In addition, because it is not flexible, it is
easy to crack in the hot and cold cycles. Luo et al. fi6d
tested perovskite films and solar cell seals against com-
mercial polyisobutene-based sealants (PVS, day seals),
EVA (silicon) and AB epoxy adhesives (Aibida 6 005)
as encapsulation materials, systematically studying the
water resistance of packaged devices at high tempera-
tures (very harsh environments) for the first time. The
aging process of perovskite films and solar cells was
recorded as a function of time and the reliability of
these perovskite PV packaging technologies was care-
fully evaluated. They found that EVA had poor encap-
sulation performance compared to the other two mate-
rials under extremely harsh conditions, and the encap-

sulation structure was destroyed during the test.
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Method 1

Fig. 9.

Method 2

Method 3

Cross-sectional schematics and plan view photographs from the FTO glass side of PSCs encapsulated by three

methods (not to scale). In Method 1, PIB is applied over a thin gold film which is the positive electrical feedthrough for
the cell. In Methods 2 and 3, both electrical feed through are provided by the FTO layer. Methods 1 and 2 use PIB as an
edge seal whereas in Method 3, PIB blankets the entire area under the cover glass.

Polymethyl methacrylate (PMMA) is an acrylic-
based polymer with strong bending strength, trans-
parency, and UV resistance linearity. It is also cur-
rently used as a perovskite solar battery encapsu-
lant []. McKenna et al.[] discussed the effects
of four polymers PMMA, polycarbonate (PC), ethyl
cellulose (EC), and poly (4-methyl-1-pentene) (PMP)
on the thermal stability of encapsulated PSC. PMMA
encapsulation had the best effect and the encapsula-
tion layer showed no obvious degradation at 60, 80,
and 100 °C after 384 h. PMMA is also used as an
interlayer and passivation layer to increase the life-
time of the device [ﬂ@@] Soo et al. fi64 improved
thermal stability by spinning PMMA onto MAPDbI;
films fabricated under environmental conditions as an
encapsulation layer as shown in figure E The grain
boundary defects at the film/air interface were pas-
sivated by the PMMA layer during the annealing of
the encapsulated perovskite film, and degradation signs
started to appear after 3 h of annealing. After anneal-
ing for 5 h, only a small amount of MAPbI3 was ther-
mally degraded to Pbly. These studies demonstrate
that PMMA can effectively protect the stability of per-
ovskite solar cells. However, studies have shown that

PMMA can be decomposed by hydrolysed ester groups

of water molecules [@], indicating that PMMA can-

not effectively protect perovskite solar cells from water

damage.

 (b)

unencapsulated

Control

Fig. 10.

Physical appearances of MAPbIs-tracking films
(with left portion encapsulated with PMMA and right por-
tion unencapsulated) annealed at 150 °C for various times:
(a) control film (annealed at 100 °C for 10 min) and 1 h
(the arrow pointed to Pbl, initiation region), (b) 2 h, (¢) 3
h, (d) 4 h, (e) 5 h, and (f) tilted view of 5 h film to show
the bleaching of initial dark brown color.
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Polydimethylsiloxane (PDMS) was an important
encapsulant for silicon photovoltaic devices in the 1960s
and 1970s due to its high stability against thermal and
ultraviolet light induction [7]. Liu et al. fi63] used
PDMS as an encapsulant to isolate water oxygen in the
air and avoid the degradation of perovskite as shown in
figure EI, and the equipment showed excellent stability
during the test period of 3 000 h.

— &
& —
: 1t poms ||

layer

‘ i Qe

Glass —p

Fig. 11. Schematic diagram of PDMS encapsulation device.

Thermoplastic polyurethane (TPU) is a copolymer
made by reacting polyols (short-chain and long-chain
diols) with diisocyanates. Its structure and proper-
At the

same time, TPU is the only encapsulant that adheres

ties can be modified by changing the ratio.

to the surface of polyester without any surface treat-
ment. TPU has been widely used in the encapsu-
lation of various electronic devices [@"@]. Due
to its chemical properties, it can be used as a thin-
film encapsulant ['@]. Shi et al.@] used TPU to
encapsulate inorganic perovskite quantum dots to im-
prove their thermal degradation and moisture resis-
tance. After soaking in water for 72 hours, the poly-
mer film still maintained the initial green light emis-
sion. This demonstrates the potential of polyurethane
for the encapsulation of inorganic perovskite solar
cells. Toniolo et al.[} investigated two alternative
packaging polymers for packaging perovskite/silicon
series into micro-modules: thermoplastic polyurethane
(TPU) and thermoplastic polyolefin (TPO) elastomers.
To assess their impact on series module performance
and stability, they performed two internationally rec-
ognized accelerated module stability tests (IEC 61215):
wet heat exposure and thermal cycling. Finally, To bet-

ter understand the thermodynamic properties of these

two types of packaging and their relationship with the
thermal cycle of packaging, dynamic mechanical ther-
mal analysis was carried out. They found that TPU
has a higher energy dissipation capacity than TPO,
especially in the relevant temperature range of the
module thermal cycle, and more effectively avoids mi-
crofracturing and delamination of perovskite/silicon se-

ries devices.

PU is an economical, lightweight, and thermally
stable material whose mechanical, chemical, and physi-
cal properties can be easily adjusted by selecting the
right precursor. PU film has excellent resistance to
moisture and oxygen, which can prevent degradation
of the perovskite film to Pblsy, improving the stabil-
ity of the device. According to Bonomo et al. L7 PU
encapsulated devices retain over 94% of their initial
efficiency after 2 500 hours of storage in a laboratory
environment. PU encapsulation is well suited to flexible
perovskite solar cells, avoiding expensive and complex
encapsulation methods. However, it is also difficult to
use as a long-term encapsulation material because it
degrades under long-term exposure to ultraviolet light,

resulting in encapsulation failure.

In addition to the above types of organic encap-
sulation materials, some scholars have also conducted
a small amount of research on other organic materi-
als to explore their feasibility for perovskite solar cell
encapsulation. Wu et al. (73] introduced polystyrene
(PS) into perovskite solar cells as a buffer layer between
SnO, perovskite, shown in figure @, which releases
residual stress in the perovskite during annealing due
to its lower glass transition temperature. Stress-free
perovskite has less recombination, a larger lattice and
a lower tendency for ion migration, resulting in signifi-
cantly improved cell efficiency and device stability. In
addition, so-called internally encapsulated perovskite
solar cells are produced by adding another PS coating
layer on top of the perovskite. When the steady-state
PCE is 21.5%, the photoelectric conversion efficiency
(PCE) is as high as 21.89%.

An et al fi7d investigated a new cross-linked
fullerene derivative (FPPS) for the encapsulation of
PSC as shown in figure B The highest PCE after
encapsulation was 17.82%, while the PCE without

cross-linked devices was only 16.99%. Under the condi-
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Fig. 12. (a) Schematic diagram of inner-encapsulated PSCs’
structure; (b) Cross-sectional SEM image of the perovskite
cell.

tion of 50%-60% relative humidity at dark room tem-
perature, 80% of the initial efficiency can be maintained
after 300 h.

Crosslinking

A
150°C/20 min

Fig. 13. Illustration of the device architecture with FPPS
cross-linked to C-FPPS.

After a long period of research has shown that a
large number of organic polymer materials can be used
to encapsulate perovskite solar cells and that they have
different properties and defects. Organic materials as
perovskite solar cladding materials, should first con-
sider the chemical inertness between it and other func-
tional layers; And the process temperature at the time
of encapsulation, the appropriate temperature should
not cause damage to the perovskite functional layer af-
ter the completion of encapsulation; Finally, its light
transmission and ability to block water oxygen. As a
material that can be used for complete encapsulation,
researchers are still trying to study organic encapsula-
tion materials with good encapsulation properties and

economic and long-term stability.

3. Inorganic encapsulation materials

Inorganic materials (silicon nitride, metal oxide,

alumina, alumina, tin oxide, silicon oxide, oxide,

etc.) w74

It has been widely used as an encapsu-

lant in OLED, OPV and dye-sensitised solar cells
(DSSCs) 173

films, inorganic materials are deposited often using vac-

To create high-performance barrier

uum processes such as sputtering, ALD, and CVD.

Al;0O3 has excellent resistance to water and oxy-
gen. Its OTR is 1.9 x 1072 g m=2.d~! and
WVTR is 9.0 x 1074 g m2.d~ 1141070 Ghogh
et al. fi7] deposited AlyO3 encapsulation layer on
one side of the metal gold electrode of hybrid
perovskite [(FAg.s3MAg.17)0.95Cs0.05Pbl25Brg.5] pho-
tovoltaic device, which inhibited the photo-induced
degradation of the device. The short circuit cur-
rent (JSC) of the original device drops sharply, drop-
ping to 48% of the initial value (from 20 mA/cm? to
9.70 mA /cm?) within 3 h. The encapsulation device
retained nearly 92% of its initial value (from 20.7
mA /em? to 19 mA /ecm?) after 3 h.

SnO,, film is a material with perfect barrier prop-
erties under high-humidity and high-temperature con-
ditions, which can resist the influence of harmful fac-
tors such as water and oxygen, its WVTR is 7 x 107>
g-m~2.d~!, thus effectively protecting the operating
stability of the device. Zhao et al. [b7d) deposited two
layers of SnO, and added an ultrathin Ag layer in
the middle as shown in figure B, so that the SnO,
formed a conductive barrier to protect the silver elec-
trode from moisture damage, while the SnO, under the
ultrathin Ag layer protected the silver electrode from
halide leakage. The efficiency of perovskite solar cells
is higher than 11%, with an average transmittance of
about 70% in the near-infrared region (A > 800 nm)
and 29% at A = 400-900 nm. Regardless of whether
they are exposed to the ambient atmosphere or high
temperatures, these devices have shown amazing sta-

bility over more than 4 500 hours.

so, |11

CH;NH,Pbl,

Fig. 14. Schemes of capping process via ALD for AZO/Ag
and AZO/SnO,/Ag samples.
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In addition to the traditional AloO3 and SnO, in-
organic encapsulation materials, there are some other
inorganic encapsulation materials. Koiry et al. [179 in-
vestigated paraffin wax as an encapsulant for perovskite
solar cells. The encapsulation does not affect the photo-
voltaic performance of the device. Moreover, under the
environmental conditions of continuous exposure to rel-
ative humidity in the range of 70-85%, the photovoltaic
performance of the encapsulated perovskite solar cells
remains unchanged even after 2 160 h. Even after soak-
ing in water or heating at 85 °C, the performance is still
good. Therefore, paraffin has the potential to be used
as a low-cost encapsulation material for perovskite solar

cells.

Although the inorganic encapsulation film has the
advantage of a simple fabrication process, the cracks
and pinhole defects on the surface of the inorganic
film are inevitable. In addition, they are not suitable
for flexible devices because thicker inorganic films can
cause cracking when bent. Water vapour and oxygen
rapidly diffuse through these defects, further acceler-
ating the degradation of perovskite solar cells. For
high-performance encapsulation barriers, these inher-
ent defects should be reduced or passivated. In addi-
tion, inorganic encapsulants require expensive encapsu-
lation equipment such as CVD and ALD. These process
conditions can damage the active material of perovskite

solar cells and reduce their performance 194

VI. CHALLENGES AND PERSPECTIVES
A. Fabrication process

As mentioned above, the biggest problem with per-
ovskite solar cells is instability. There is a hidden dan-
ger of not being able to work for a long time at a high
PCE. Thermal, stress, moisture, and ultraviolet radia-
tion can all lead to the failure of the perovskite device.
Therefore the stability problem is the first problem that
must be solved for the industrialisation of perovskite
solar cells.

The first problem to overcome is the fabrication of
perovskite, which cannot yet be fabricated on a large

scale in indoor environments. Since perovskite is very

sensitive to water and the environment, the entire fab-
ricating process must be carried out in an inert en-
vironment (glove box). The stability problem in the
application process depends on better encapsulation

technology and encapsulation materials.

B. Application challenges

At present, silicon cells dominate the photovoltaic
products on the market due to their excellent photo-
electric performance and mature manufacturing tech-
nology. However, its high manufacturing cost is pre-
venting further popularisation and application, and it
is still unable to shake off the status of traditional fossil
energy. The main challenge for solar cells is therefore
to reduce costs. This is also a major challenge in the
industrialization process of perovskite solar cells, in ad-
dition to stability issues. To reduce the cost, improving
the power conversion efficiency of solar cells is one of
the most effective methods. At present, conventional
single-junction silicon solar cells have achieved an ef-

(8d-fisd)

ficiency of > 25% in experiments However,

due to the Shockley-Queisser limit, the efficiency of
single-junction solar cells cannot exceed 33.16% 18]
regardless of material or complex design. Therefore, to
achieve a breakthrough in conversion efficiency, a series
module consisting of multiple single-junction solar cells
is required.

To improve the efficiency of perovskite solar cell
modules, the width of each subunit, the GFF, the
line width, the electrode and the transmission loss
of each single-junction solar cell link should be taken
into account. In laminated series perovskite solar cells,
the incident light passes through different cells from
top to bottom, and the photons are absorbed more
completely, which reduces the internal contradiction
between the maximum absorption amount of photons
and minimizes the thermal relaxation loss. Therefore,
the theoretical limit of two-subunit series devices is in-
creased to 42%, and for infinite small-subunit series de-
vices, it can be further increased to 68%.

For planar series perovskite solar cells, high GFF
is important to improve module utilization. GFF can
be increased by increasing the subcell width, but this

may introduce additional resistance losses. Therefore,
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the loss caused by balancing resistance and dead zones
is crucial to maximizing module PCE, requiring pre-
cise optimization of parameters such as subcell width,
line width, and electrode design. In addition, the effi-
ciency can be improved by replacing the highly conduc-

tive TCO and improving the laser marking accuracy.

C. Strategies for dealing with stability

challenges

Solving the stability problem of perovskite is key
to achieving sustained efficiency from perovskite solar
cells.  Although environmental stability, especially
water stability, has been a widespread concern, the
moisture stability of perovskite can be improved af-
ter proper passivation, and effective encapsulation can
block water well. Ton migration also poses challenges
for the stability of perovskite solar cells. Some studies
indicate that the fabrication of perovskite films com-
posed of larger grains is one method of inhibiting ion
migration. For this reason, the researchers believe that
the single-crystal perovskite film has good development
prospects, and another strategy is to add additives
to the perovskite film. Appropriate choice of addi-
tives can inhibit ion migration in halide perovskite and
improve the operational stability of perovskite solar

cellg [184-185]

In the long term, perovskite solar cells or newer
photovoltaic technologies will gradually replace the cur-
rent silicon photovoltaic technology, but researchers
need a deeper understanding of the degradation fac-
tors and mechanisms to overcome the current problems
of perovskite solar cells. The ability to control stabil-
ity issues will determine whether the technology can be

industrialized.

VII. CONCLUSIONS

Perovskite solar cells have been widely studied as
an economical and efficient new photoelectric device,
and their industrialization has become a hot topic for
the future. The results of the current study show that
perovskite solar cells operating in outdoor conditions
are susceptible to UV light, temperature and humidity,

and thus become unstable. How to improve efficiency
while maintaining long-term stability is therefore a ma-
jor challenge, which is also the focus of the industrial-
ization of perovskite solar cells. Encapsulation of per-
ovskite solar cells can effectively improve their long-
term stability. This is because it can act as a barrier
layer by limiting the diffusion of oxygen, moisture and
ion migration, thus protecting the device interface and
active layer from degradation. Through some encapsu-
lation, the life of perovskite solar cells can be up to 5
years, but most of the research results are still at the
laboratory level, as well as small size single-junction
solar cells, and most of the encapsulation technology
is not suitable for large-scale fabrication, can not meet
the needs of industrialization. Many researchers are
currently working on the encapsulation of perovskite
solar cells. Many encapsulation methods and encap-
sulation materials are gradually being discovered. For
example, simple glass-glass encapsulation, organic thin-
film encapsulation with many materials and processes,
and expensive inorganic thin-film encapsulation. Each
encapsulation technology and encapsulation material
has its own advantages performance and disadvantages,
so there is no single encapsulation for perovskite so-
lar cells. Future research needs to focus on materials
that can protect perovskite solar cells from elements
At the

same time, it should have good thermodynamic prop-

such as water, oxygen and ultraviolet light.

erties, and the encapsulation material itself should have
a long lifetime, be able to adapt to the external envi-
ronment and minimize lead leakage. Finally, for per-
ovskite solar cells to be commercialized on a large scale,
these encapsulation materials and technologies should
be reproducible, economical and suitable for large-scale
fabrication. In addition to encapsulation, the develop-
ment of perovskite solar cells also requires the establish-
ment of uniform performance test standards and char-
acterization techniques to accurately assess the effect
of encapsulation on the performance and stability of

perovskite solar cells.
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