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Superior encapsulation technology is important for PSCs to prolong their lifetime and
realize their commercial application. Paraffin/EVA/paraffin composite encapsulated
layers were fabricated with the ambient environment under the thermal temperature
of 80°C, which has advantages for simple procedures and low cost. PSCs encapsulated
with paraffin/EVA/paraffin and pure EVA layers maintained 95 and 45% of the initial
power conversion efficiency (PCE) aged for 1000 h at RH 75%, respectively. Paraffin/
EVA/paraffin-encapsulated PSCs were immersed in water for 5 h, which remained 98%
of the original PCE, which is far superior to EVA-encapsulated PSCs. High melting point
paraffin at 68°C shows better encapsulation than low melting point (60 and 55°C)
paraffin, indicating that the high molecular weight of paraffin helps improve the
encapsulation performance of PSCs. PSCs encapsulated with paraffin/EVA/paraffin
showed better stability of Voc than pure EVA layer because paraffin can inhibit defects,
voids, and edges of metal electrodes that quickly expand, and decay. Therefore,
paraffin/EVA/paraffin combination encapsulation is an effective strategy, which can
form continuous and dense hydrophobic composite encapsulation films with a friendly
metal electrode.
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INTRODUCTION

Organic–inorganic hybrid perovskite solar cells (PSCs) have attracted great attention because of their
excellent properties such as high optical absorptivity (van der Stam et al., 2017), adjustable energy
band structure (Filip et al., 2014), high hole/electron transport mobility (Xing et al., 2013), long
carrier diffusion length (Stranks et al., 2013), and low recombination rate (Ponseca et al., 2014),
which help obtain high power conversion efficiency (PCE). The PCEs of PSCs have greatly increased
and reached 25.5% in 2021 (Min et al., 2021), which is comparable to crystalline silicon solar cells. In
addition, the simple preparation process compared to silicon solar cells (Liu and Kelly, 2014), has an
obvious advantage in reducing the industrial application cost (Jeon et al., 2018). However, PSCs are
sensitive to temperature, humidity, and ultraviolet light, which can greatly reduce the stability of
PSCs (Tiep et al., 2016; Asghar et al., 2017; Zhang et al., 2018).
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At present, some efficient strategies such as interface
modification and doping, adjusting perovskite composites,
using stable electron/hole transport material, and optimizing
structures of PSCs have been demonstrated to improve the
stability and PCEs of PSCs(Babaei et al., 2020; Lin, 2020;
Zheng et al., 2020; Chen X. et al., 2021). Although developing
the intrinsic performance of PSCs can greatly improve their
stability, PSCs compared to silicon solar cells are still easily
deteriorated by moisture, oxygen, heat, and ultraviolet light
due to their properties, which require more strictly
encapsulating technology (Chen Z. et al., 2021; Mazumdar
et al., 2021).

Many encapsulation methods of PSCs have been developed
and greatly prolong the lifetime of PSCs (Li et al., 2021). Atomic
layer deposition (ALD) as a kind of potential encapsulation
method of organic and flexible electronics (Zardetto et al.,
2017; Ramos et al., 2018; Singh et al., 2020) has been applied
to PSCs, which can improve the stability of PSCs. However, the
ALD complex process and its expensive equipment limit its
industrial application (Uddin et al., 2019). Using thermo-
setting polymers such as ethylene-vinyl acetate (EVA) (Kempe
et al., 2007), epoxy (EP), thermoplastic polyurethanes (TPU),
polyurethane (PU), and UV-curable adhesive (UVCA) (Kim
et al., 2012; Shi et al., 2017; Fu et al., 2019; Raman et al., 2021;
Ma et al., 2022) as encapsulation materials have advantages of low
cost and simple procedures, especially EVA polymers have been
widely applied to commercial silicon solar cells. However, its
moisture and oxygen resistance (Corsini and Griffini, 2020)
cannot meet the strict requirement of PSCs because
organic–inorganic perovskite material compared to silicon is
more fragile (Asghar et al., 2017; Liu et al., 2019; Mohammadi
et al., 2021).

In this study, the composite encapsulation layer based on
cheap EVA and paraffin materials has been developed and
applied to PSCs. Paraffin has an excellent hydrophobicity,
chemical inertness, and ductility material (Krupa et al., 2007;
Alkan et al., 2011) and can well offset the disadvantage of the EVA
layer, which greatly improves the moisture and oxygen resistance
of the paraffin/EVA/paraffin encapsulation layer. Furthermore,
paraffin can inhibit the defects and voids of metal electrodes
quickly expanding and decaying, which can improve metal
electrode stability. Therefore, PSCs encapsulated with EVA
and paraffin complex layers can definitely prolong their
lifetime compared to PSCs with pure EVA encapsulation.

EXPERIMENTAL SECTION

Materials
Ni(Ac)2·4H2O (>98%), ethylene glycol monomethyl, ether, and
ethanolamine (NH2CH2CH2OH) were purchased from
Sinopharm Chemical Reagent Co. Ltd. Methylammonium
iodide (MAI, 99.5%) [6,6]-phenyl-C61-butyric acid methyl
solution (PC61BM,>99.9%), and slightly excess lead (Ⅱ) iodide
(PbI2, 99%) were purchased from VIZUCHEM. Dimethyl
sulphoxide (DMSO, AR 99% GC), chlorobenzene (CB,>99%),
and γ-butyrolactone (GBL, AR 99% GC) were purchased from

Aladdin Reagents. The paraffin is a mixture of macromolecular
hydrocarbons with a structural formula of CnH2n+2 containing 17
to 35 carbon atoms. The three kinds of paraffin with melting
points of 68, 60, and 55°C were purchased from Sinopharm
Chemical Reagent Co. Ltd. EVA films were purchased from
JCC shanghai.

Device Fabrication
The FTO glasses sequentially cleaned with detergent water,
deionized water, acetone, and isopropanol under ultra-
sonication were dried in the oven at 120°C and then treated
with UV−ozone for 20 min 25 mg Ni(Ac)2·4H2O was dissolved in
ethylene glycol monomethyl (1 ml) with ethanolamine (6 ul) for
4 h at 70°C to form the precursor solution of NiOx. The NiOx

precursor solution was spin-coated onto FTO glass at 4,500 rpm
for 30 s, followed by annealing at 235°C for 45 min in the air to
form NiOx film. The perovskite precursor solution with a 1.3 M
concentration was prepared by dissolving methylammonium
iodide and slightly excess lead (Ⅱ) iodide in a mixed solvent
containing 30% dimethyl sulphoxide and 70% γ-butyrolactone.
The perovskite precursor solution was dropped on FTO/NiOx by
consecutive two-step spin-coating process at 2000 and 4,000 rpm
for 15 and 60 s in the nitrogen-filled glove box. A measure of
0.3 ml of chlorobenzene was dropped as an anti-solvent during
the second spin-coating step to replace the DMSO solvent. Then
perovskite films were annealed at 100°C for 10 min, and 10 mg/ml
PC61BM dissolved in chlorobenzene was spin-coated onto the
CH3NH3PbI3 layer at 1,200 rpm for 45 s. Finally, 120 nm thick
AgAl electrodes were deposited in the thermally evaporated
equipment under the vacuum pressure of 5.0 × 10–4 Pa. The
device structure of FTO/NiOx/CH3NH3PbI3/PC61BM/AgAl is
shown in Supplementary Figure S1.

Characterization
The cross-section images of samples were measured by field-
emission scanning electron microscopy (SEM, Hitachi S-4800).
The steady-state photoluminescence (PL) spectra were
measured using a fluorescence spectrophotometer
(FluoroMax-4, HORIBA Jobin Yvon). The UV-Vis
spectrophotometer (U-3900, Hitachi) was used to measure
transmission and absorption spectra. The X-ray diffraction
(XRD) spectra were obtained from the system of PW3040/60
instrument (Holland Panalytical PRO, Cu Kα radiation of λwith
1.5405 Å). The photocurrent density and voltage (J–V) curves
were measured using the Newport solar simulator with AM1.5G
and 100 mW/cm2 illumination.

Encapsulation Process
Three kinds of encapsulating structures were fabricated and the
typical encapsulating procedures are shown in Supplementary
Figure S2. For pure EVA encapsulation, as shown in
Supplementary Figure S2A, the EVA film was first put onto a
glass cover of 1.3 × 1.3 cm size and then heated together on the
hot plate at 80°C for 120 s until the EVA film was fully
intenerated. Then glass cover with a softened EVA film was
put onto the working area of cells and kept squeezing for 30 s to
make EVA and a glass cover cling onto cells. The encapsulating
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procedures of pure paraffin are the same as the pure EVA
encapsulation, as shown in Supplementary Figure S2B.

For encapsulating the structure of paraffin/EVA/paraffin
(Supplementary Figure S2C), paraffin was first melted onto a
glass cover, and then the EVA film was put onto the melted
paraffin and softened using the hot plate. The melted paraffin was
further dropped onto the EVA film and immersed EVA film at
80°C. Finally, a glass cover with paraffin/EVA/paraffin was
quickly squeezed into the work area of cells until completely
sticking cells and glass cover.

RESULTS AND DISCUSSIONS

Figure 1 shows the contact angles of water onto EVA、paraffin
films and paraffin/EVA/paraffin films. The contact angles of
EVA, paraffin, and paraffin/EVA/paraffin are 88.1°, 124.4°, and
125.6°, respectively. By employing paraffin onto the EVA film, the
contact angle of the encapsulated film is obviously increased,
indicating that paraffin is an excellent hydrophobic material and
helps block moisture immersion as an encapsulating material.
Paraffin is a kind of complex organic material with a low
molecular weight, which cannot form continuously and dense
film due to its low strength and toughness. Paraffin as a non-polar
material has chemical inertness, which can avoid chemical
interaction with PSCs. The EVA film as a kind of polymer can
easily form continuous and consolidated film. The combination
strategy of EVA and paraffin as encapsulating complex layers is
expected to form continuous and dense hydrophobic composite
films by effectively avoiding their weakness and fully employing
their advantages.

To demonstrate the encapsulating effects of EVA and paraffin
complex films, three kinds of encapsulating structures were
fabricated, as shown in Supplementary Figure S2. The J–V

curves of PSCs before and after encapsulation are shown in
Figure 2. The similar PCEs of PSCs before and after
encapsulation indicate that encapsulating procedures cannot
deteriorate the performance of PSCs. The statistical
distribution of photovoltaic parameters for PSCs before and
after encapsulation further supported that the encapsulating
procedures cannot deteriorate the performance of PSCs.

The decay curves of photovoltaic parameters of PSCs under
different encapsulation conditions over time are shown in
Figure 3. The PCEs of PSCs with paraffin/EVA/paraffin and
pure EVA encapsulation respectively remained 95 and 45% of
original PCEs after aging for 1,000 h under RH 75% and room
temperature, indicating that paraffin/EVA/paraffin compared to
pure EVA encapsulation layers has better oxygen and moisture
resistance. Furthermore, Voc of PSCs with paraffin show better
stability compared to FF and Jsc of PSCs, indicating that paraffin
directly contacted with the AgAl electrode can inhibit AgAl
electrodes decay.

The pinholes and voids of AgAl electrodes cannot completely
be avoided during thermally depositing metal electrodes, which
can be more easily corroded along with the surrounds of pinholes
and voids of metal electrodes (Jiang et al., 2016). Similarly, the
edge of metal electrodes for aged cells is easily corroded because
Ag clusters on the edge of metal electrode can be easily formed
due to the effect of shadow mask (Ding et al., 2021). The melting
paraffin during encapsulation has a chance to immerse and fill in
pinholes and voids of AgAl electrodes, which helps improve the
stability of AgAl electrodes. The optical microscope images of
AgAl electrodes of PSCs with different aging times are shown in
Figures 4A–H. The smooth and bright edges and surface with
tiny pinholes and voids can be observed in the pristine AgAl
electrode, as shown in Figures 4A,E. After aging for 4500 h at RH
75%, many corrosion holes can be observed on the AgAl electrode
without encapsulation. The AgAl electrode of PSCs encapsulated

FIGURE 1 | Contact angles of water onto EVA (A), paraffin (B) and paraffin/EVA/paraffin films (C).
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with paraffin/EVA/paraffin layer still cannot be observed the
corroded holes aged for 6000 h, as shown in Figure 4C. However,
the AgAl electrodes of PSCs encapsulated with the pure EVA
layer have produced lots of corroded holes after aging for 6000 h
compared to the AgAl electrode with paraffin/EVA/paraffin
encapsulation. Similarly, the edges of metal electrodes with
EVA compared to paraffin/EVA/paraffin encapsulation are
more severely corroded. These results indicate that paraffin/
EVA/paraffin encapsulation can effectively inhibit metal
electrode corrosion and improve the stability of metal electrodes.

The decay performance of PSCs is related to crystallinity and
photo-electronic properties of the perovskite layer. The X-ray
diffraction (XRD) patterns of perovskite layers with different
encapsulation conditions are shown in Figure 5A. The (100)
main diffraction peak of the perovskite layer is almost
disappeared for the control PSCs. The diffraction peak (12.5°)
of PbI2 for the perovskite layer encapsulated with the paraffin/
EVA/paraffin layer is obviously lower than that of the perovskite

layer encapsulated with the pure EVA layer, indicating that the
perovskite layer for paraffin/EVA/paraffin encapsulation is not
obviously decayed aging for 5 days. The enhanced steady PL
(Figure 5B) and absorption intensity (Figure 5C) of perovskite
layers with paraffin/EVA/paraffin encapsulation compared to
pure EVA encapsulation supported that paraffin/EVA/paraffin
has better encapsulation effects. The scanning electron
microscope (SEM) cross-section images of PSCs encapsulated
with EVA and paraffin/EVA/paraffin are shown in
Supplementary Figure S3. PSCs with paraffin/EVA/paraffin
show clearly the cross-section of perovskite layer aged for
500 h, further demonstrating that using paraffin/EVA/paraffin
encapsulation method can well inhibit the decay of perovskite
layers, which is consistent with PCEs decay trend of PSCs.

The physical properties of paraffin are related to molecular
weight, which would change its melting point and the
encapsulation effect. The three kinds of paraffin with different
melting points (55, 60, and 68°C) were employed to encapsulate

FIGURE 2 | J–V curves of PSCs before and after paraffin/EVA/paraffin/glass (A) and EVA/glass (B) encapsulation. Statistical deviation from 15 devices of each kind
of PSCs for photovoltaic parameters of PCE (C), VOC (D), JSC (E), and FF (F) before and after encapsulation.
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PSCs. The paraffin/EVA/paraffin encapsulated PSCs with
different melting points were aged under different conditions,
as shown in Figure 6. PSCs encapsulated with 68°C paraffin/
EVA/paraffin remaining 95% of their initial PCEs aged for
1,000 h at RH 75% and room temperature condition, which
show superior stability compared to 55 and 60°C paraffin/

EVA/paraffin encapsulated PSCs, indicating that the high
melting point of paraffin with larger molecular weight helps
improve moisture resistance.

The superior thermal and moisture stability of paraffin/EVA/
paraffin with 68°C melting point paraffin compared to 60 and
55°C paraffin can further be demonstrated through aging at 60°C

FIGURE 3 | Evolution of photovoltaic parameters of PSCs with different encapsulated structures for normalized PCEs (A), VOC (B), FF(C), and JSC (D) aged for RH
75% and room temperature. Encapsulated structures are EVA, paraffin and paraffin/EVA/paraffin films, respectively.

FIGURE 4 | Metallurgical microscope images of middle (A) and edge (E) of pristine AgAl electrodes, middle (B) and edge (F) of AgAl electrodes without
encapsulation, middle (C) and edge (G) of AgAl electrodes with paraffin/EVA/paraffin encapsulation, middle (D) and edge (H) of AgAl electrodes with pure EVA
encapsulation aged for RH 75% and room temperature.
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and RH 85% condition, as shown in Figure 7. PSCs with 68°C
melting point paraffin/EVA/paraffin retain 90% of their initial
PCEs aging for 1,000 h. Furthermore, the Voc values of PSCs
within 1,000 h show amazing stability, as shown in Figure 7B,

indicating that the decay of the AgAl electrode can be well
inhibited using high melting point paraffin protection.

To strictly test the performance of PSCs under extreme
weather conditions, PSCs with different encapsulation

FIGURE 5 | Evolution of XRD patterns (A), steady-state PL spectra (B) and UV-vis absorption spectra (C) for perovskite films with different encapsulation structures
aged for 5 days at RH 75% and room temperature.

FIGURE 6 | Long-term stability of PSCs encapsulated with paraffin/EVA/paraffin with different melting points paraffin at 75% RH and room temperature (A).
Evolution of photovoltaic parameters of PSC encapsulated by different melting points paraffin for VOC (B), JSC (C) and FF (D).
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structures were directly immersed in water. The J–V curves of
PSCs with two kinds of encapsulated structures before and after
immersing into water are shown in Figure 8. The melting point
of paraffin is 68°C. PSCs with the pure EVA encapsulated layer
were rapidly decreased to 8% (PCEs) after immersing into water
for only 10 min. However, PSCs with the paraffin/EVA/paraffin
encapsulation layer almost retained the same constant initial
values, indicating that paraffin/EVA/paraffin encapsulated
structures show excellent water-resistance, which is far
superior to that of pure EVA encapsulation layer.

CONCLUSION

Paraffin/EVA/paraffin and pure EVA encapsulating
structures have carefully been investigated and PSCs

encapsulated with paraffin/EVA/paraffin show superior
encapsulation performance. PSCs with paraffin/EVA/
paraffin encapsulation retained 95% aged for 1,000 h at
RH 75% and remained 98% of initial PCEs after
immersing into water for 5 h. The paraffin of high melting
point at 68°C shows better encapsulation than low melting
point paraffin, indicating that the high molecular weight of
paraffin is important for improving the encapsulation
performance of PSCs. Furthermore, paraffin can inhibit
defects, voids, and edges of metal electrodes quickly
expand and decay, which help improve the stability of Voc

compared to the pure EVA encapsulating layer. Therefore,
the combination strategy of EVA and paraffin as
encapsulating complex layers is an effective technology to
form continuous and dense hydrophobic composite films,

FIGURE 7 | Long-term stability of PSCs encapsulated with different melting point paraffin in 85% humidity and 60°C. Normalized PCE (A), Voc (B), JSC (C), and FF
(D) evolution of encapsulated PSCs with time.

FIGURE 8 | J–V curves and photos of PSCs with paraffin/EVA/paraffin before and after immersing in water for 5 h (A). J−V curves and photos of PSCs with EVA
before and after immersing in water for 10 min (B).
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which can effectively avoid their weakness and fully employ
their advantages.
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