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E I N

Abstract: Effectively encapsulating perovskite solar cells (PSCs) to enhance the external reliabil-
ity is the key towards commercialization. We herein propose a facile encapsulation method by
introducing conductive ribbons and a polyethylene terephthalate (PET) backsheet on both sides of
PSC. Via applying thermoplastic polyolefin (TPO) encapsulant, we implemented PSCs with fine
encapsulation, enabling considerable durability in the ambient atmosphere and even with water
immersion, demonstrating almost no degradation in the device output, which is ascribed to the low
water vapor transmission rate as well as the high chemical stability of TPO. The operation reliability
of the encapsulated cell is also significantly increased, maintaining 80% of the initial efficiency after
770 hours’ light illumination in an ambient atmosphere. This novel encapsulation route provides
a feasible idea for the commercial application of PSCs in the future.

Keywords: perovskite solar cell; encapsulation; thermoplastic polyolefin; stability

1. Introduction

The rapid developments of hybrid organic-inorganic halide metal perovskite solar
cells (PSCs) in the past decade have skyrocketed owing to the high power conversion
efficiency (PCE) as well as low fabrication cost. The highest certified PCE of 25.7% has been
achieved currently, exceeding many conventional categories of solar cells, thus demonstrat-
ing a huge potential for future commercialized applications [1-5].

At present, one of the largest obstacles that hinders PSCs from entering the market
is the instability issue. It is generally considered from the following two aspects: (i) the
unavoidable intrinsic instability during the practical operation process, including chemical,
thermal, and illumination instability [6-8]. Through optimizing the chemical composition
of applied perovskite materials, enhancing the film quality of perovskite polycrystalline,
regulating charge transporting behavior, and passivation towards the bulk as well as inter-
face, the intrinsic robustness of PSC can be significantly elevated [9-13]. (ii) The extrinsic
instability, external environmental factors such as oxygen, moisture, and ultraviolet (UV)
light can directly trigger the invalidation of the perovskite device when the exposure comes
to a certain overload [14,15]. The extrinsic obstacles can be solved by effective encapsula-
tion. For hybrid organic-inorganic halide metal perovskite materials, a properly designed
encapsulation method can not only avoid the extrinsic factors from penetrating into the
devices but also impede the irreversible escape of decomposition products (typically, A-site
ions run out from [BXg]*~ cage) [16-19]. The mature PV technologies can be utilized as a
reference for PSCs from the perspective of packing approaches. Generally, it is required
for encapsulant to be provided with high transmittance, high bulk resistivity and melt
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transition temperature, superior adhesion strength, low glass transition temperature and
crystallinity, and high resistance against oxygen as well as moisture. Furthermore, the
encapsulant should be chemically stable so as to avoid producing byproduct that will
react with materials in PSCs during operation [20-22]. Considering packing strategies,
glass-glass encapsulation has widespread application in the photovoltaic industry, and
it is also suitable for packaging PSCs for its simplicity and low cost [18,23]. Specifically,
functional layers of perovskite devices are sandwiched between two glasses through heat
pressing, and encapsulant covering on PSCs integrates all the parts together. It not only
forms strong adhesion with glass but protects the cells from being eroded by moisture. At
present, materials such as ethylene vinyl acetate (EVA), polyolefin (POE), Surlyn ionomer,
butyl rubber, and PU [24-28] have been reported in PSCs encapsulation with impressive
device reliability.

We herein propose a facile approach for encapsulating PSC with encapsulant plus
a polyethylene terephthalate (PET) backsheet on both sides. By introducing a conductive
ribbon attached on the metal electrodes of PSCs, the cells can be connected to the external
circuit for testing and characterization on the premise that all layers are well-encapsulated.
By using the PET backsheet instead of the glass, the encapsulation route can be further
used on flexible devices with low cost. Moreover, we employ thermoplastic polyolefin
(TPO) as encapsulant, which possesses with high chemical stability, under the designed
encapsulation mode, and the cell demonstrated an impressive ambient stability as well as
operational stability.

2. Experimental Section

Materials: Pbly (>99%), PbBr; (>99.9%), Csl (cesium iodide, >99.9%), MABr (methy-
lammonium bromide, >99.5%), GAI (guanidinium iodide, >99.5%), FAI (formamidinium
iodide, >99.5%), MACI (methylamine chloride, >99.5%), PCBM ([6,6]-phenyl C61 butyric
acid methyl ester, >99%), and BCP (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline, >99%)
were purchased from Xi’an Polymer Light Technology. N,N-Dimethylformamide (DME,
>99.9%) and dimethyl sulfoxide (DMSO, >99.9%) were obtained from Alfa Aesar. NiO
target with 5% Cu-doped and ITO target were purchased from Vital Thin Film Materials Co.,
LTD (Guangzhou, China). Fluorine-doped tin oxide on glass (FTO glass, square resistance:
6-8 ohm/sq, Haze: 11-17%) was obtained from Asahi Glass Co., LTD (AGC) (Haverhill,
MA, USA). Encapsulants including EVA, POE, and TPO were obtained from Changzhou
Betterial Film Technologies Co., Ltd. (Changzhou, China). All the materials were directly
used without further purification.

Device fabrication: The inverted (p-i-n) device consisted of FTO-NiOy-perovskite-PCBM-
BCP-Au. The devices were prepared as follows. FTO glasses were ultrasonically cleaned
using deionized water and ethanol, respectively. Then, they were dried with nitrogen
stream and cleaned by UVO light for 10 min immediately before using. The nanocrystalline
NiOx with a thickness of ~20 nm was sputtered from NiO target-doped 5% Cu with RF
power of 90 W, and the sputtering distance was 8 cm. The perovskite layer was prepared
by one-step spin-coating combined with vacuum flash. Basically, at the first stage, the
solution of 1.35 M (CSPbI3)Q.1(GAPbI3)Q.025(FAPbBI‘g)0'15(FAPb13)0'725 and 0.2 MACI in
DME: DMSO (800:200) solvent was spin-coated onto NiOy at 1000 r.p.m. for 5 s (acc.
200 r.p.m/s), followed by 4000 r.p.m. for 7 s (acc. 1500 r.p.m/s); then, it was put into
a stainless-steel chamber (diameter: 10 cm; height: 3 cm) connected to a rotary vane
vacuum pump (vacuum capacity: 16 m® h™!) and covered with quartz glass; the valve of
the pump was subsequently opened, and the pressure of the chamber was rapidly dropped.
When the color of the wet film changed, it transformed into intermediate-state perovskite
films. Then, the valve of the pump was closed, and the chamber was rapidly purged.
Afterwards, the film was annealed at 150 °C for 10 min. When it was cooled down to room
temperature, we spin-coated the electron transporting layer on the films at 1000 rpm for
30 s using 40 uL of precursor solution by dissolving 20 mg PCBM in 1 mL chlorobenzene.
Afterward, 25 puL of BCP solution (0.5 mg/mL in isopropanol) was spin-coated at 5000 rpm
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for 20 s. Finally, 100 nm of gold was prepared by thermal evaporation through a mask.
In next step, the cells were taken out from glovebox for encapsulation, and conductive
ribbon was first adhered at the positive and negative electrodes of devices. Devices covered
with encapsulant and transparent backsheet were transferred into the laminating machine,
where the vacuuming time was 300 s, and the lamination time was 240 s. The procedure
lasted for 9 min at 125 °C, and the vacuum pressure was kept at 0.01 Pa.

Characterizations and Measurements: The XRD spectra were obtained using a D/max
2500 PC X-ray diffractometer with Cu, Ka radiation (Rigaku Corporation, Akishima-shi,
Japan). The SEM images were obtained by using a field-emission scanning electron mi-
croscope (5-4800. Hitachi Corporation, Tokyo, Japan). UV-vis spectra were obtained by
a UV-2600 spectrometer (Shimadzu Corporation, Kyoto, Japan). The |-V curves were mea-
sured by a Keithley 2400 source and the solar simulator with standard AM 1.5 G (Newport
Oriel 94043A, USA, AM1.5, 100 mW /cm?). The light intensity was calibrated by applying
an Si reference cell (PVM 900, 2 x 2 Si BK7 window, M factor = 0.9398). For the stability
test of a cell kept in ambient conditions and water immersion, we measured the samples
at intervals. For the maximum power point tracking under light soaking conditions, the
encapsulated devices were illuminated under a self-built LED light source with 1 sun
light intensity. The temperature was maintained below 60 °C through fan cooling. All the
output tests were obtained with mask on samples, and the active area defined by mask was
0.09 or 1 cm?.

3. Results and Discussion

The whole encapsulation procedure is shown in Figure 1a—c, while the highest tempera-
ture during this operation was 150 °C for forming perovskite films (the detailed preparation
process of PSCs is depicted in Section 2). Specifically, p-i-n planar structural PSCs with
configuration of FTO/NiOx/perovskite/PCBM/BCP/Au were firstly fabricated. Then,
commercially available conductive ribbons were, respectively, attached on the positive and
negative metal electrodes of the cell. The ribbon (digital photos can be seen in Figure S1) was
composed of copper sheet as the main electroconductive carrier and conductive adhesive
coated at the back side, which contact with the electrodes. When the adhesive was heated
under 100 °C for 2 s, the copper sheet could be bonded with electrode, and no metal cluster
induced by high temperature was observed. The cell was then stacked between encap-
sulation accessories, constituting a backsheet/encapsulant/PSC/encapsulant/backsheet
configuration before being placed into laminator for encapsulation. The accomplished
sample was demonstrated in Figure 1d, with no obvious damage on any parts of the device
and high visual transmittance after lamination.

To evaluate the encapsulation effect on cell performance, the current density-voltage
(J-V) curves of the PSCs before and after encapsulation with different materials were
compared and are demonstrated in Figure 2a; the active area was 1 cm?, and the detailed
photovoltaic parameters are displayed in the inset table. As a reference, a champion PCE of
19.48% was achieved on as-prepared cells with active area of 0.09 cm? (J-V curve shown in
Figure S2a), and the schematic diagram of each part of the cell, the mask for calibrating
the active area, and the corresponding fabricated device are demonstrated in Figure S2b.
Efficiency dropped to 16.67% as the area was expanded. After packaging with TPO, POE,
and EVA, the remaining champion PCEs of the devices were 14.80%, 14.49%, and 14.70%,
respectively. The statistical deviation of the photovoltaic parameters obtained for the
devices with different encapsulants is displayed in Figure S3 and Table S1. The cells for
all the groups retained around 87~89% of the initial output after packaging. Concluded
from the variation of each parameter, including short-circuit current density (Js), open-
circuit voltage (V o), and fill factor (FF), the downtrend of Js. value was the most obvious.
To further investigate the influence of the additional backsheet as well as heat-curing
encapsulant, we measured the corresponding transmittance, as exhibited in Figure 2b, and
it could be observed that the bare backsheet possessed a high transmittance of over 80%
value, from 400 to 820 nm. Interestingly, the filtered part (<400 nm) of the light includes
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ultraviolet (UV) light, which is beneficial for enhancing the durability of PSCs against
the UV irradiation under practical operation [29]. When the laminated encapsulant was
attached, the spectrum shifted towards the long wavelength direction, and transmittance
was slightly reduced, ranging from 450 to 800 nm. The comparison of the absorbance of bare
perovskite film on FTO before and after covering the encapsulation accessories is shown in
Figure 2c (test diagram can be seen in Figure S4); the absorption of perovskite films seems
to have an insignificant decline from 400 to 600 nm after TPO encapsulation and TPO plus
backsheet. The absorbance before 400 nm (seen in the inset of Figure 2c) was unable to
analyze probably due to equipment noise, and the FTO glass might also interfere with
the absorption signal. It should be mentioned that the surface of backsheet was actually
frosted, which helps improve the light trapping for optimizing the light utilization for the
perovskite film. As a result, we might conclude that the encapsulation accessories have
a minor impact for the decrease of [sc. On the other hand, the high temperature during
lamination that influenced the contact of copper sheet with Au electrode or the properties
of organic materials might also cause the increment of contact resistance, leading to the
reduction for all the parameters, especially the FF values [30].
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Figure 1. (a—c) The diagrammatic sketch of encapsulation procedure. (d) The digital photos of
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Figure 2. (a) -V curve of the PSCs before and after encapsulation with different materials. (b) The
transmittance of FTO, backsheet, and backsheet overlay with encapsulant. (c) Absorption spectra of
bare perovskite film, perovskite films/laminated TPO, and perovskite/laminated TPO/backsheet.

The stability issue of the device was significantly ameliorated after encapsulation. We
undertook a continuous observation on the PCE variation for PSCs, employing various
encapsulants in different conditions. When the cells were kept in the glovebox, the PCE
value demonstrated no attenuation within one month (seen in Figure S5), indicating our
PSCs could maintain a fine durability in the absence of the strong interference of external
factors. When it was placed in ambient air (humidity of around 60% and temperature
of around 28 °C) and the corresponding J-V curves under 100 W/cm? sunlight monitor
irradiation at set intervals tested (shown in Figure 3a), the unencapsulated cell rapidly
degraded within 2 days due to corrosion from the high concentration of oxygen as well
as moisture, retaining only 11% of the initial PCE. Cells encapsulated by POE and EVA
also exhibited inferior stability; their PCE all decayed to below 20% of the initial value
within 8 days. As for TPO, it was inspiring to find that the packaged devices presented fine
durability in ambient atmosphere, and the monitored PCE retained over 95% of the initial
value after one month. Encapsulation of PSCs was mainly beneficial for enhancing the
external stability of devices since it prevented the moisture and oxygen from entering the
system; therefore, we further investigated the durability in a harsh environment by soaking
the samples in water. Seen in the inset of Figure 3b, devices after TPO encapsulation
demonstrated strong robustness after one week, and no obvious performance degradation
was found.
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Figure 3. (a) The stability of PSCs in ambient conditions encapsulated with different materials;
(b) the normalized PCE variation of PSC encapsulated with TPO immersed in water.
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To gain a more intuitive view on the device’s attenuation performance, we compared
the cell morphology as well as crystallinity before and after aging (outdoor placement
for 1000 h). As seen in Figure 4, the cross-sectional SEM (scanning electron microscope)
images on the left demonstrated the encapsulated cell stored in the glovebox with dry
Nj. The perovskite film seemed to be intact and dense, indicating that no degradation
occurred during the storage period. After aging, the SEM image of the TPO-encapsulated
cell showed no obvious change despite the increased grain boundary quantity, which
might be a result of light-induced degradation [14,31]. For EVA and POE groups, abundant
pinholes appeared in perovskite bulk, and the gap between the perovskite layer and
charge transport layer tended to be sharpened, inferring that both the perovskite film
and interface encountered attenuation. SEM images for different groups from a broad
view are exhibited in Figure S6. According to the previous report [32,33], the formation
of pinholes in perovskite polycrystalline film could be mainly ascribed to the ingression
for moisture and oxygen, which contributed to the transformation from cubic phase to
monohydrate phase and then dehydration. This irreversible reaction tended to be more
facilitated at the grain boundaries and interface, where higher density of the defects is
likely to be present. Moreover, the ions migration driven by light and heat also contributed
to the chain reaction, and consequently, the grains shrunk, and pinholes was observed.
The phenomenon could also be coincidentally observed in XRD (X-ray diffraction), with
the measured results shown in Figure 4e. Under the same aging procedure, as-prepared,
as-encapsulated, and TPO-packed perovskite films after aging presented similar XRD
patterns, indicating the perovskite films progressed few degradations when encapsulated
by TPO initially and during the aging process. For POE groups, the peaks intensity
at 19.9° corresponding to a-phase perovskite was significantly decreased, while peaks
representing d-phase perovskite at 11.8°, 20.6°, and 27.2° appeared [34]. The same situation
was observed in EVA-encapsulated cells as well, which to a moderate extent agreed well
with the relatively reduced pinholes. It was surprising to find that the Pbl, peak in the
initial test became weak in other circumstances even when the films turned yellow (seen in
Figure S7). We suspected there might be some internal reaction between materials released
from encapsulant and Pbl,, which possibly both existed in the first place and emerged
during operation, forming an amorphous phase that was difficult to be detected [35].

(2) [—— As-prepared
—— As-encapsulated FTO
—— TPO encapsulated after aging FTO
—— POE encapsulated after aging o
|— EVA encapsulated after aging | FTO [
o
= 5 o a o ’ 5 o ¢
s 2 v A
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£ f [
= \\ 1 ) | A
[} A | |
7 W WY .
Pbl,
5 10 15 20 25 30 35 40 45
20 (degree)

Figure 4. SEM images of (a) as-prepared PSC and encapsulated PSC with (b) TPO, (c) POE, and
(d) EVA after aging. The scale bar is 500 nm. (e) XRD patterns of perovskite films on FTO substrates
encapsulated with different materials before and after aging.
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We might explain the above observation from the perspective of material properties.
EVA, polymerized by ethylene vinyl acetate, has always been the dominant encapsulant for
silicon photovoltaic modules, with its appropriate properties of high transparency, excellent
UV-light resistance, and fine adhesion with substrate. However, EVA will continuously
degrade and release acetic acid during service [36], which is probably able to further react
with perovskite components, leading to the decomposition of perovskite. On the other
hand, due to the high sensitivity of perovskite to moisture, the corresponding applied
encapsulant has more stringent requirements for the water vapor transmission rate (WVTR).
The WVTR of EVA is around 24 g/(m?-d), while POE, as another maturely used encapsulant
in industrial solar panels, provides a significant WVTR of 3 g/(m?-d). POE is cross-linked
by olefin and therefore requires peroxidation as a crosslinking agent during the fabrication.
The residential agent or the decomposed products of agent might cause the yellowing and
thus lead to moisture intrusion. Some of the by-products can also react with active sections
of PSCs, such as perovskite bulk and interfaces [37].

By contrast, TPO is prepared by copolymerizing of ethylene, a polar acrylate unit,
and silane monomer. Although TPO has an inferior WVTR of 13 g/(m?-d) compared with
POE, it demonstrates relatively higher chemical stability since no crosslinking procedure is
required in the production, and nearly no by-products are released during the aging. Addi-
tionally, high temperature curing during lamination is not necessary for TPO. Generally, 115
to 125 °C is available for the encapsulation, and the relatively low-temperature procedure
decreases the heat damage to the perovskite films. Moreover, TPO provides stronger adhe-
sion strength to glass or backsheet (the adhesive force reaches 175.9 n/cm after laminating
with glass), thus preventing moisture from entering the system through interlamination.

However, it has to be mentioned that the observation in our experiment does not
mean that all the POE and EVA encapsulants are inappropriate for applying in PSCs. As
described above, these encapsulation materials involve additives during the production,
some of which might be released during the aging, while some others can increase the
chemical reliability itself. The effectiveness of capsulation is also related to the device design,
including the transporting layers applied, perovskite composition, and encapsulation mode.
For instance, the study group of McGehee encapsulated PSCs in soft EVA and POE [25,38],
enabling the devices to surpass the relative industry standard International Electrotechnical
Commission (IEC), while Han et al. employed EVA as well as POE in packaging the
printable mesoscopic PSC submodules and exhibited their inferior stability performance
due to a high laminating temperature or corrosion of the perovskite absorber [26].

The device stability was also investigated under light soaking conditions at maximum
power point tracking for monitoring the real working conditions; the testing environment
can be seen in Figure S8, and the result is presented in Figure 5. As a comparison, the
unsealed devices in ambient air showed a sharp decline in cell performance, preserving
only ~66% of the initial efficiency within 10 h of continuous light illumination. In contrast,
for TPO-encapsulated cells, the lifespan of the cell kept in ambient air was significantly
improved, and the power output was slightly increased in the initial observation period,
which might be ascribed to the lattice expansion during the storage as well as ion migration
effect under light-driven conditions [39-41]. Then, it maintained 90% of the initial value
until 360 h and 80% of the value until 770 h. Apart from the external factors, internal causes
including ionic migration, interface attenuation, metal electrode diffusion, etc., contributed
to the output reduction as well. Therefore, we consider the encapsulation method to be
an effective solution for outdoor operation of PSCs, and the next step of our work will be
focused on strengthening the device reliability by modifying the film quality, regulating
the perovskite composition, and passivating the interface and grain boundaries [42].
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Figure 5. Evolution of the normalized PCE for cells with and without encapsulation under
light soaking.

4. Conclusions

In summary, we herein demonstrate a facile approach for encapsulating PSCs at low
temperature with conductive ribbons and PET backsheets on both sides. By introducing
TPO as the encapsulant, the encapsulated PSCs exhibit strong reliability in ambient con-
ditions, water soaking, and light soaking in operation (keeping 90% of the initial value
until 360 h and 80% of the value until 770 h), which is ascribed to the low water vapor
transmission rate and high chemical stability. We regard this encapsulation solution as
providing a promising prospect for the commercialization of perovskite-based photovoltaic
devices in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16020598/s1.
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