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The development of perovskite solar cells (PSCs) has ushered in a new era of solar technology, charac-
terized by its exceptional efficiency and cost-effective production. However, the soft and fragile nature of
perovskites makes module encapsulation challenging. Polyolefin elastomers (POEs) have been reported to
be promising encapsulants for perovskite modules. However, little research exists on identifying criteria
among different types of POEs as encapsulants. Here, two POEs with different morphologies were com-
pared as encapsulants. The first POE crystallizes during encapsulation (crystal content ~40%), and the
resulting shrinkage or warpage leads to delamination, causing minimodule failure. In contrast, perovskite
minimodules encapsulated with a mostly amorphous POE exhibited better reliability and reproducibil-
ity. The best perovskite minimodules passed the thermal cycling test for 240 cycles between —40 and
85 °C and the damp heat test for 1419 h, according to the IEC 61215 standard. This study highlights the
importance of the morphology of encapsulants in achieving high-quality encapsulation.
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I. INTRODUCTION

Perovskite solar cells (PSCs) have demonstrated rapid
improvement in power conversion efficiency (PCE), attain-
ing 26.1% for single junction cells and 33.9% for
monolithic perovskite-silicon tandem cells [1]. Despite
performance advancements, perovskite photovoltaics (PV),
particularly modules, continue to face long-term durabil-
ity issues, which remain the most significant hurdle to
commercialization. In addition to the intrinsic stability
of perovskites, encapsulation technology is critical to the
module’s longevity [2,3]. Encapsulation serves as a pro-
tection against environmental factors such as moisture and
oxygen, and thus, the encapsulant should have a low per-
meability [4-9]. In addition, the encapsulating materials
themselves need to have an appropriate modulus to avoid
stress-related damage [10], should be processable under
conditions that do not damage the perovskite solar modules
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during production [11-14], and must remain stable during
25-30 years operation in the field.

Glass-glass lamination technology—adapted from Si
and CdTe solar cell encapsulation—that incorporates var-
ious polymer encapsulants and edge sealants are widely
used to encapsulate PSCs. Compared with Si and CdTe,
perovskites are more temperature sensitive and softer;
therefore, the encapsulants need to provide mechani-
cal protection without introducing stress and can be
laminated at a relatively low temperature. Among the
diverse polymeric materials evaluated, including ethyl
vinyl acetate (EVA) [10,15-21], polyisobutylene (PIB)
[22,23], polyolefin elastomer (POE) [10,16,24], Surlyn
[10,15], and thermoplastic polyurethane (TPU) [16,25],
each demonstrated specific advantages and limitations.
Notably, EVA’s high encapsulation temperature (> 140 °C)
and acid byproducts during aging were detrimental to
perovskite device stability [26,27]. Surlyn films, despite
their superior reliability, were prone to delamination issues
due to their high tensile modulus [10]. Preliminary eval-
uation of TPU demonstrated its commendable perfor-
mance in certain scenarios, but it is relatively expensive
[28]. POEs have emerged as one of the most extensively
researched encapsulants [10,16,24,28]. POE exhibits low
water vapor transmission rates (~0.8 g/m?* day), sufficient
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thermal stability (degradation occurs above 300 °C), opti-
cal transparency (~91%) [29], and can be processed at
temperatures and pressures that do not damage most of
the perovskites suitable for solar cells. Moreover, POEs
are relatively low cost compared to other polymers that are
suitable as encapsulants. POEs are typically copolymers
obtained by metallocene polymerization of ethylene-based
monomers along with other alpha-olefin monomers. By
tuning monomer structures and monomer functionality,
polymer backbone structures and architectures, and hence,
their thermomechanical and morphological properties, can
be easily altered. Despite widespread use as an encapsu-
lant material by research groups, research has not yet fully
explored which POE properties are required for them to act
as an encapsulant for perovskite solar cells.

Herein, we compare PSC performance for two POEs
as encapsulating materials. One of them, referred to as
POE-1, is commercially available from DNPsolar, a sub-
sidiary of Dai Nippon Printing Co., Ltd., Japan. The
second POE used for comparison, POE-2, is an experimen-
tal grade material. The morphological characteristics and
thermal and thermomechanical behaviors of POE-1 and
POE-2 were studied and used to rationalize device perfor-
mance and stability following encapsulation. Specifically,
the performance and durability of minimodules with the
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two POEs were evaluated using accelerated stress tests
(thermal cycling and damp heat), in accordance with the
International Electrotechnical Commission (IEC) 61215-
2:2021 module qualification tests [30]. Our work demon-
strates that amorphous POEs and POEs with a low degree
of crystallinity result in better encapsulation for PSCs.

II. RESULTS AND DISCUSSION

A schematic diagram of the components of an encapsu-
lated minimodule is shown in Fig. 1(a) [29]. In our typical
minimodule encapsulation procedure, desiccated PIB edge
sealant was adhered to the edges of ITO glass and cover
glass and worked as a moisture barrier [19]. The SnPb
solder coated copper ribbons [shown as rods in Fig. 1(a)]
were placed between two PIB sealants to minimize mois-
ture penetration. Two encapsulant (POE-1 or POE-2) films
were placed between the cover glass and the device to
reduce the thickness mismatch between PIB and POE
encapsulant films. This whole assembly was then placed
in a laminator for encapsulation. The optimal pressure and
temperature conditions were determined based on the char-
acterization of both POEs. Details of the encapsulation
method are provided in the Supplemental Material [33].
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PSC minimodule and POE characterization. (a) Schematic illustration of the minimodule encapsulation components. (b)

Morphological changes that occur when POE-1 and POE-2 films are heated and cooled between crossed polarizers of an optical
microscope. Temperatures are mentioned above the images. Scale bar in all images is 200 um. Upon cooling, only POE-1 appears
highly birefringent (high crystal content), whereas POE-2 is weakly birefringent (low crystal content). (¢) DSC curves for POE-1
and POE-2 films subjected to a heating-cooling cycle. Curves are vertically translated for clarity. Analysis (heating curve) of POE
films subjected to minimodule encapsulation processing conditions confirms similar thermal transitions as the first heating curves.
(d) Storage (E£') and loss modulus (E1/) curves obtained at 1 Hz; tensile mode as a function of temperature for POE-1 and POE-2
films. Higher crystallinity in POE-1 films results in larger £’ values above 7. Blue shaded box covers the temperature range that POE
encapsulants experience during thermal cycling.
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Scanning thermogravimetric analysis of the two poly-
mers (10 °C/min) revealed an onset of thermal decom-
position temperature of 385 °C for both POEs [Fig. S1
within the Supplemental Material [33] ], which was higher
than the operational temperature range of the perovskite
solar minimodules. Heating and cooling of the films on
a hot stage between the crossed polarizers of an opti-
cal microscope enabled visualization of the morphological
changes that occurred in the POE films during [Fig. 1(b)]
minimodule encapsulation. The observed birefringence at
25°C due to a semicrystalline morphology disappears
upon complete melting at 110 °C. Upon complete melting
and cooling, only POE-1 appears to be highly birefrin-
gent, i.e., POE-1 is able to recrystallize during the cooling
process [Fig. 1(b), top row], whereas POE-2 stays mostly
amorphous with a few scattered crystallites [Fig. 1(b),
bottom row]. Additionally, the melt viscosity at 110°C
was qualitatively judged to be low enough for the pro-
cessing of POEs during encapsulation. The observations
from crossed polarized optical microscopy were quanti-
tatively analyzed using differential scanning calorimetry
(DSC) [Fig. 1(c)]. POE-1 exhibits a weak glass transi-
tion (7,) that is centered at —31°C followed by a large
broad melt endotherm (7y,) (between 39 and 120 °C),
with a melt enthalpy (AH¢) of about 90 J/g. The sub-
sequent cooling curve reveals a large exotherm due to
crystallization (7.), with an identical AH of about 90 J/g.
In contrast, POE-2 exhibits a lower T, (—51°C), with
a smaller Ty, peak with AH ~19 J/g and crystalliza-
tion upon cooling (AH =19 J/g). A rough estimate of
the relative crystallinity value (x.) based on polyethylene
(X100%=293 J/g) and polypropylene (x100% =207 J/g)
indicates that x. for POE-1 lies between 31% and 44%,
whereas x. for POE-2 it is between 6% and 9% [31].
These results demonstrate that POE-1 has a greater propen-
sity to crystallize than POE-2. Thermomechanical analysis
was performed on both POE films using dynamic mechan-
ical thermal analysis [Fig. 1(d)]. At —80°C, both films
exist in a glassy state, and their stress response is dom-
inated by the elastic component, i.e., high £ and low
E”, resulting in typical glassy £’ values (~1600 MPa for
both POEs). Upon increasing the temperature, the poly-
mers soften at 7, and £ decreases dramatically. Concur-
rently, £ exhibits peaks at —52 and —33 °C, signifying
molecular dissipative transitions, i.e., Ty at which vis-
coelastic behavior dominates. Although both POE-1 and
POE-2 exhibit a clear rubbery plateau between 0 and 35 °C
before the onset of melting, £’ for POE-1 is much higher
than POE-2 (at 30°C, E'=62 and 9 MPa for POE-1
and POE-2, respectively). The larger E’ in the rubbery
plateau region of POE-1 arises from the higher crystal con-
tent, i.e., the crystal domains act as physical cross-linking
sites for the amorphous polymer chains, thereby limiting
their deformation. E’ drops dramatically again (onset at
45 °C for POE-1 and 35 °C for POE-2) due to crystalline

melting. The mechanical properties (Young’s modulus and
strength) from stress-strain measurements at 25 °C (Fig.
S2 within the Supplemental Material [33]) confirm that
the higher crystal content in POE-1 makes it stiffer and
stronger than POE-2 above T.

The contrasting crystallizability of POE-1 and POE-2
impacts device encapsulation. To visualize the effect
of crystallization on the dimensional stability of POE
films, POE films on a Bynel™ support were subjected
to the processing temperature (110 °C for 10 min) used
for encapsulation followed by slow natural cooling to
25 °C. The propensity of POE-1 to crystallize significantly
(between 31% and 44%) while cooling results in exten-
sive film warping due to crystallization-induced dimen-
sional change (warpage, shrinkage) [32] and delamination
from the Bynel™ support at the edges [Fig. 2(a)]. In
contrast, such extensive warpage is not observed in pre-
dominantly amorphous POE-2 films [Fig. 2(b)]. POE-2
films on a Bynel™ support remain adhered with min-
imal warpage due to the lack of crystallization during
cooling. The estimated inward curvatures (Fig. S3 within
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FIG. 2. Analysis of minimodules encapsulated with POE-1
and POE-2. (a) POE-1 with Bynel™ support after cooling down
with warpage and delamination from the Bynel™ support at
the edge. (b) POE-2 with Bynel™ support after cooling down
remaining adhered with minimal warpage. (¢) PSC minimodules
encapsulated with POE-1; delamination of encapsulants from the
device is observed predominantly at the edges on the Cu side
and ITO side. Arrows point to delaminated sites. (d) PSC mini-
modules encapsulated with POE-1. No delamination is observed
in devices encapsulated with POE-2. (¢) Schematic of the POE-
1 encapsulated minimodule showing the warping of POE-1 that
causes delamination of Cu from the perovskite and the perovskite
from the hole transporting layer (HTL). (f) Schematic of a POE-2
encapsulated minimodule without delamination issues shown for
comparison.
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the Supplemental Material [33]) for POE-1 are 0.75 and
2.02 cm for POE-2. A stack to mimic the minimodule
was constructed by laminating PIB and POE between
two glass covers and then subjecting it to the encap-
sulation processing conditions (Fig. S4 within the Sup-
plemental Material [33]). The stack with POE-1 films
exhibits thickness variation (5.20 mm in the center and
5.14 mm at the edge) throughout the sample due to dimen-
sional changes (warpage, shrinkage). In contrast, the stack
formed using POE-2 shows minimal thickness variations
(5.36 mm in the center and 5.34 mm at the edge). The
solar cell minimodules used in this work are composed
of ITO/poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA)/formamidinium (FA)g¢Csg.1Pbls/Cgo/bathocup-
roine (BCP)/Cu. In minimodules, crystallinity-induced
dimensional changes in POE-1 caused delamination at the
edges on both the Cu side and the ITO side, whereas no
such issues were observed in POE-2 encapsulated mini-
modules [Figs. 2(c) and 2(d)]. The schematics shown in
Figs. 2(e) and 2(f) help to visualize the mechanism by
which delamination occurs.

Photoluminescence (PL) and electroluminescence (EL)
mapping of the minimodules before and after encapsula-
tion with POE-1 and POE-2 was performed to understand
how minimodule performance was impacted by encapsula-
tion (Fig. 3). We selected two minimodules with minimal
visible delamination and optimal PCEs for this study.

The results shown in Fig. 3 are consistent with our find-
ings shown in Fig. 2. The left edge of the minimodule
postencapsulation (red and yellow framed areas marked

PL EL

Pre- Post- Pre- Post-
encapsulation encapsulation encapsulation encapsulation

g ©

FIG. 3. PL and EL mapping of minimodules pre- and pos-
tencapsulation with POE-1 and POE-2. (a) PL of POE-1 based
minimodule pre- and postencapsulation. (b) EL of POE-1 based
minimodules pre- and postencapsulation. EL signals from both
edges disappear postencapsulation. (c) PL of POE-2 based min-
imodules pre- and postencapsulation. (d) EL of POE-2-based
minimodules pre- and postencapsulation.

by arrows) exhibited a clear contrast, indicating dam-
age to the perovskite layer, which was caused by POE-1
delamination [Fig. 3(a)]. Additionally, we measured the
minimodule EL with a constant injected current of 3 mA,
which was about 5% of the minimodule short-circuit cur-
rent to minimize possible damage to the minimodules
by the forward current. We observed the disappearance
of edge EL signals [Fig. 3(b)] on the POE-1 encapsu-
lated minimodule postencapsulation. The input voltage of
the minimodule during EL measurement dropped from
2.76 V (preencapsulation) to 1.62 V (postencapsulation),
which indicated that the minimodule was partially short
circuited or shunted at the P3 area due to the POE-1
warpage (shrinkage) at the edge [Figs. 2(e) and S4 within
the Supplemental Material [33]]. In minimodules encap-
sulated using POE-2, there is a negligible difference in
PL intensities compared to the preencapsulated minimod-
ules [Fig. 3(c)], which means no damage to the perovskite
occurs during the encapsulation process. The minimod-
ule encapsulated with POE-2 only demonstrates a slight
change in EL mapping intensities, and the measured volt-
age of the minimodule during EL changes slightly from
3.41 V (preencapsulation) to 3.43 V (post encapsula-
tion), which indicates there is no big contact resistance
change during encapsulation, implying superior encapsu-
lation quality.

The PCE changes before and after lamination for both
POE-1 and POE-2 encapsulated minimodules with an
aperture area between 9.9 and 17.9 c¢cm? are shown in
Figs. S5-S7 within the Supplemental Material [33]. Since
most minimodules encapsulated with POE-1 experienced
delamination issues, leading to failure after lamination,
only two out of eight minimodules survived with reduced
Voc, Jsc, and fill factor (FF) after lamination (Tables S1
and S2 within the Supplemental Material [33]); the sur-
viving minimodule PCEs are shown in Fig. S5 within
the Supplemental Material [33]. One of the minimodule’s
FF reduced from 62% to 58%, which reduced the PCE
by 4.8% postencapsulation. Voc of the other surviving
minimodules dropped by 25.0%, Isc dropped by 12.4%,
and the FF dropped by 9.5%, which reduced the PCE by
40% postencapsulation. Conversely, POE-2 encapsulated
minimodules demonstrated increased Voc and FF, thereby
enhancing the PCE (Fig. S6 within the Supplemental Mate-
rial [33]). Statistical data for the performance of POE-2
encapsulated minimodules pre- and postencapsulation are
shown in Fig. S7 within the Supplemental Material [33]. In
total, all ten tested modules survived after POE-2 encapsu-
lation, and detailed parameters are listed in Tables S3 and
S4 within the Supplemental Material [33]. On average, the
minimodules’ V¢ increased by 2.3%, Isc increased by
1.4%, FF increased by 9.3%, and the PCE increased by
12.1% postencapsulation.

Encapsulated minimodules were subjected to thermal
cycling and damp heat tests. The thermal cycling test
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adhered to IEC 61215 standards (200 cycles, tempera-
ture limits of —40 and 85 °C) and the damp heat test was
performed at 85°C £2°C at a relative humidity of 85%.
While these tests do not offer a direct prediction of the
device’s long-term stability in field tests, they help identify
reasons behind failures in the device packaging.

POE-1 encapsulated minimodules did not pass the ther-
mal cycling test, and the edge of the minimodule showed
obvious degradation [Fig. 4(a)]. In fact, the PCE of the best
POE-1 encapsulated minimodule decreased by 20% of its
initial PCE after only one temperature cycle [Fig. 4(b)].
Detailed parameters are listed in Table S5 within the Sup-
plemental Material [33]. Due to the failure of the POE-1
encapsulated minimodules in the thermal cycling test, they
were not subjected to subsequent damp heat testing. The
best POE-2 encapsulated minimodule maintained 100% of
its highest PCE after 240 thermal cycles [Fig. 4(c)]. The
evolutions of Voc, Jsc, FF, and PCE for this device are
summarized in Fig. S8 within the Supplemental Material
[33]. During thermal cycling, the temperature was changed
between —40 and 85 °C, wherein E’ varied between 181
and 0.1 MPa, respectively [Fig. 1(d)]. Despite this large
change of stiffness, no delamination was observed dur-
ing thermal cycling. Additionally, the best POE-2 encap-
sulated minimodule demonstrated exceptional durability,
retaining 90.7% of its highest PCE after 1419 h of damp
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FIG. 4. Durability assessments of POE-1 and POE-2 encap-
sulated minimodules. (a) PCE change of a POE-1 encapsulated
minimodule during a thermal cycling test with the final picture
of the minimodule, showing the degradation of the edge per-
ovskite. (b) J-V curves of a POE-1 encapsulated minimodule
after encapsulation and one thermal cycle. (¢) PCE change of
POE-2 encapsulated minimodule during the thermal cycling test
with the final picture of the minimodule, showing no obvious
degradation. (d) PCE evolution of POE-2 encapsulated mini-
module during the damp heat test with the final picture of the
minimodule, showing no obvious degradation.

heat testing [Fig. 4(d)]. The evolutions of Voc, Jsc, FF,
and PCE for this device are summarized in Fig. S9 within
the Supplemental Material [33].

ITII. CONCLUSIONS

The morphological, thermal, and thermomechanical
characterization of two polyolefin elastomers with different
crystallinity enabled the determination of how encapsulant
morphology could impact PSC minimodule encapsula-
tion. During PSC minimodule encapsulation using a highly
crystallizable polymer (x. is between 31% and 44%),
crystallization-induced warpage or shrinkage of POE-1
caused delamination and minimodule failure. In contrast,
minimodules encapsulated with POE-2, which remained
mostly amorphous (x. is only 6%—9%), not only passed
the thermal cycling and damp heat tests, but also improved
minimodule PCE by encapsulation. It is not clear yet why
the solar cell efficiency was enhanced after encapsulation.
Additionally, during thermal cycling, no delamination was
observed, despite dramatic changes in POE-2 stiffness;
E’ ranges from 181 MPa (—40°C) to 0.1 MPa (85 °C).
Our work provides crucial insights for guiding encap-
sulant selection for enhanced minimodule stability and
performance.
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