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1. Introduction

In recent years, tremendous progress has been achieved in the
efficiency and upscaling of perovskite-based solar cells.[1,2]

However, the stability of these cells persists as the primary

obstacle in the transformation from lab
technology to a commercial product.[3]

The stability of PSCs can be affected by oxy-
gen, moisture, light, mechanical stress, and
bias, all of which build the environment
where PSCs are meant to operate eventu-
ally.[4] Consequently, outdoor stability tests
combined with indoor accelerated ones
are a must to investigate degradation
mechanisms.[5] The frameworks of such
stability tests for PSCs were adopted from
the International Summit on Organic
Photovoltaic Stability (ISOS) protocols
and serve as a guideline for the stability
studies of PSCs.[6]

The real-world operation of PSCs
requires meticulous device packaging,
especially to prevent oxygen and moisture
ingresses, which lead to premature fail-
ures.[7,8] However, even this protective
measure can have its own trade-offs.
Notably, encapsulant-related failures are

the most frequent failure modes observed in the field for com-
mercial photovoltaic (PV) technologies, and delamination, a fail-
ure involving detachment of layers, is a commonly encountered
issue.[9] In multilayered devices, delamination is primarily
caused by thermal expansion coefficient mismatch between
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For the commercialization of perovskite solar cells (PSCs), detection of associated
degradationmechanisms andmitigation of their effect is of paramount importance.
The former requires outdoor and indoor stability tests to detect these mechanisms
under real operation conditions and to accelerate them under controlled envi-
ronments. Herein, the thermomechanical stability of encapsulated PSCs in outdoor
tests at three locations coupled with indoor thermal cycling tests is investigated.
Results show that encapsulant-induced partial delamination can occur in outdoor
and indoor tests, leading to disruption in device integrity and substantial loss in the
cell active area and short-circuit current. The findings suggest that delamination
involves C60 and SnO2 layers as the mechanically weakest point in the device stack.
To the best of our knowledge, this work is the first demonstration of delamination
in encapsulated PSCs under real operation conditions. While partial delamination
emerged on some of the cells exposed in Israel and Cyprus in just a few weeks, it
did not occur in Germany over 2.5 years of outdoor exposure. This highlights the
importance of multiclimate outdoor testing to validate the significance of failure
modes observed through accelerated indoor testing.
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contiguous layers and geometric discontinuities, which act as
stress concentration points.[10] Furthermore, encapsulation pro-
cess-related defects can exacerbate delamination.[11] Likewise,
delamination in PVmodules mainly arises at the encapsulant–cell
interface, particularly at cell metallization.[12] Given its disruptive
nature, it usually manifests as bubbles or blisters; hence, it can
mostly be detected by the naked eye and results in current loss,
which can roughly correlate with the delaminated area.[13,14]

Previously, only a few studies investigated delamination in
perovskite-based solar cells. Cheacharoen et al. compared the
mechanical stability of PSCs with Surlyn and ethylene vinyl acetate
(EVA) encapsulants through temperature cycling, in which stiff
Surlyn caused delamination.[15] They suggested that the delamina-
tion originates at PCBM, a fullerene-based electron transport layer
(ETL), as it has the lowest fracture energy in the cell stack. Bastiani
et al. investigated delamination in perovskite/silicon tandem solar
cells by controlled peel-off of the top electrode.[16] They found that
the C60/SnO2 interface is the origin of the delamination due to
weakened adhesion between these layers throughout cell process-
ing. However, to the best of our knowledge, such delamination has
not yet been examined and reported in perovskite-based solar cells
under real operation conditions.

In this work, we investigated the thermomechanical stability of
state-of-the-art-encapsulated PSCs through outdoor tests at three
different climates, as well as indoor thermal cycling tests. We
observed that encapsulant-induced partial delamination tends to
occur more in harsher climates, leading to interruption of charge
transport and, thus, significant current losses. The failure mecha-
nism was reproduced by the indoor thermal cycling test, which
enabled the determination of performance losses due to delami-
nation as well as insights into the dynamics of the phenomenon.
Our findings suggested that delamination arises from an interplay
between mechanical constraints, uncontrolled manufacturing
flaws, and climatic factors. The latter was highlighted by the fact
that delamination was the predominant degradation mechanism
in Israel and Cyprus, while it did not occur in Germany.

2. Results and Discussion

PSCs were fabricated with a layer stack of glass/ITO/2PACz/
perovskite/C60/SnO2/Cu, as shown in Figure 1a. Each substrate

contained six individual solar cells, labeled from 1 to 6
(Figure 1b). We used polyolefin (POE) as an encapsulant, which
demonstrated superior stability at both indoor and outdoor
stability tests in previous studies.[17,18] Each substrate was encap-
sulated by sandwiching it between two glasses with a butyl edge
sealant and POE encapsulant with ribbons as electrical contacts
inside the encapsulation, as depicted in Figure 1c. Outdoor tests
were conducted following ISOS-O protocols at three locations:
Berlin, Germany; Nicosia, Cyprus; and the Negev Desert,
Israel, representing climates ranging from warm temperate,
through steppe, to desert.[19] Due to technicalities, different sub-
categories of ISOS-O protocols were implemented at the test
locations. We believe slight technical differences in experimental
setups do not affect the discussion here. In total, 9 substrates
with 54 individual perovskite solar cells (PSCs) were tested across
these locations. In the context of delamination, we will refer to
the number of substrates affected rather than the number of indi-
vidual cells, as the delamination process might be influenced by
forces acting at the substrate level rather than the cell level. It
should be noted that the delamination observed in this work
occurs locally and, therefore, does not affect all the cells on
the substrate equally. An overview of implemented protocols
and assigned substrates at testing locations is given in Table S1,
Supporting Information. For indoor thermal cycling tests, we
implemented the ISOS-T-3 protocol, where the temperature is
cycled between �40 and 85 °C in the dark.

2.1. Outdoor Tests

At outdoor tests in Israel and Cyprus, some cells were affected by
delamination within approximately the first two weeks of
exposure, leading to current losses as evident from their current
density–voltage ( J–V ) curves (Figure 2a–d). In Israel, the current
losses were immediately matched with blisters on the copper
electrode, as photographed in Figure 2b. After the 3month-long
outdoor operation, these blisters were better visualized via photo-
luminescence (PL) imaging (Figure 2c) and revealed a correlation
between the delaminated area and current loss. In Cyprus, blis-
ters also appeared on the electrodes of the cells (Figure 2e–f ). In
this case, both the photograph and PL image were obtained after
the 5month-long outdoor operation; therefore, correlating
delaminated areas to current losses is not feasible, but the overall

Figure 1. Schematic of cell layout, substrate geometry, and encapsulation. a) Schematic cross-sectional view of the layer stack. b) Top view of the
substrate. Gray lines indicate laser patterns on the ITO layer, which electrically isolate six cells from each other. The patterned background of Cell1
represents the cell active area (0.16 cm2) defined as an overlap between ITO and metal electrode. c) Encapsulation stack.
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pattern of observations is very similar. Generally, the decrease in
the short-circuit current ( JSC) for a delaminated cell strongly
depends on the extent of the delamination within that cell, as will
be discussed later. This variation accounts for the significant
differences in apparent degradation rates observed in the
examples shown in Figure 2.

It is noteworthy to mention that outdoor tests involve a multi-
stress environment. Hence, PSCs can simultaneously undergo
several degradation/failure mechanisms, which can influence
different cell parameters. For instance, decreased shunt resis-
tance in Cell2 after two weeks of outdoor operation in Cyprus
was not caused by delamination, as this type of degradation
was also observed for nondelaminated cells (Figure S1,
Supporting Information), and its origin is beyond the scope of
this study. Consequently, the coexistence of several degradation
modes in the same device makes the analysis of outdoor degra-
dation challenging. For this reason, it is imperative to direct the
effort of the research community to separate individual degrada-
tion mechanisms by their observable features, as is done in this
work for partial delamination.

Although we observed delamination in one of two substrates
that were tested outdoors in Israel and Cyprus, no delamination
has been observed in the five substrates that have been operating
outdoors in Germany for durations ranging from 1 to 2.5 years.
Additionally, we recently demonstrated the outdoor performance

of various single-junction PSCs in Berlin using the same encap-
sulation scheme depicted in Figure 1c.[20] Notably, no delamina-
tion failures were observed in these devices either. Therefore, it
was unexpected to observe this degradation phenomenon within
the first weeks of outdoor experiments conducted in hot climates.
Although the limited number of cells tested precludes establish-
ing a probability of failure for each climate, the data clearly
demonstrate that delamination can manifest under real-world
conditions.

To analyze these contrasting outcomes in different climates,
we calculated diurnal cell temperature (Tcell) variations (the
difference between the daily maximum and minimum cell
temperature, see Note 1, Supporting Information) at these
locations. Figure 3 demonstrates that the diurnal Tcell

variations in Israel and Cyprus are only slightly above those
observed for substrates exposed in Germany during the
summer period. This suggests that the magnitude of the
diurnal Tcell variations is not the sole factor driving the delam-
ination failure. A combination of environmental factors, such
as the rate and frequency of temperature swings as well as
humidity, might influence the probability of this failure mode.
However, we were unable to establish a correlation between
other environmental factors and the observed delamination,
and their contributions remain undetermined at this stage.
Nevertheless, the complexity of these interactions underscores

(a) (b) (c) Negev Desert, Israel

(d) (e) (f)

Figure 2. Delamination at outdoor tests in Israel (top row) and Cyprus (bottom row). a,d) J–V curves of cells affected by delamination. J–Vmeasurements
in Israel were conducted under sun simulator, whereas in Cyprus, they were done under natural sunlight. Therefore, global normal irradiance values were
given together with the corresponding curves. b,e) Photographs of delaminated substrates; b) captured after 18 days, whereas e) captured after five
months of outdoor operation. c,f ) PL images of the same substrates. c) was taken after three months, whereas f ) taken after five months of outdoor
operation.
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the importance of gathering experimental data across various
climatic conditions.

2.2. Indoor Thermal Cycling Test

We performed indoor thermal cycling tests to simulate temper-
ature fluctuations that PSCs experience during outdoor
operation, thereby aiming to accelerate delamination. Notably,
among various stress tests we conducted, including exposure
to fixed elevated temperatures in the dark, damp heat, constant
light at elevated temperatures, elevated light intensity, and

electrical bias, only thermal cycling successfully induced delami-
nation, closely resembling the results observed in the outdoor
tests shown in Figure 2. Figure 4a shows the applied temperature
profiles. After a few cycles, delamination was observed on some
cells as a distinct pattern on the copper electrode, as captured in
Figure 4b. Electroluminescence (EL) images of the cells provide
enhanced clarity in visualizing this pattern and enable calculating
the affected area via image processing (see Note 2, Supporting
Information). The calculated dark areas (i.e., areas without
EL signal) within each cell show an overall correlation
with the decrease in JSC in each cell throughout the cycles.

Figure 3. Comparison of calculated diurnal cell temperature variations in Cyprus (squares) and Israel (triangles) until detection of delamination,
juxtaposed with the data spanning 18months from Germany (circles) where no delamination was observed. For Germany, only days with average
irradiance values exceeding 250Wm�2 between 12:00 and 13:00 were selected to filter out very low diurnal Tcell variations.

(a) (b)

(c) (d)

Figure 4. Delamination at indoor thermal cycling test. a) Temperature profile applied in the test. b) Photograph of the delaminated substrate. The yellow
dashed line highlights the delaminated area. c) EL image of the delaminated substrate after 19 cycles, featuring six cells, with the delaminated area
appearing dark due to lack of contact between perovskite bulk and transport layers. d) Evolution of normalized JSC and normalized active area.
Both were normalized to the initial respective values.
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In contrast, a nondelaminated cell, Cell4, shows no JSC or area
losses (Figure 4d).

Conducting elemental analysis on observed delaminated
regions presents significant experimental challenges due to
the necessity of disassembling the encapsulated device stack,
which is likely to cause additional mechanical damage beyond
the delamination we intend to study. Therefore, to further inves-
tigate where the delamination occurred in the cell stack, we man-
ually peeled off the copper electrode of an unencapsulated device
with a Kapton tape. Subsequently, we analyzed the remaining
surfaces on both tape (Figure 5a) and substrate (Figure 5b) using
X-ray photoelectron spectroscopy (XPS), which offers a depth of
analysis of ≈5 nm. Figure 5c shows the XPS spectrum on both
surfaces. Besides anticipated peaks, we did not observe apparent
traces of elements originating from the perovskite absorber or
copper electrode on the tape side. This suggests delamination
occurred within ETLs (C60/SnO2) covering the copper electrode
left on the tape, preventing its detection. When the substrate was
surveyed, characteristic peaks of perovskite components, for
example, I3d (Figure 5d) and Pb4f (Figure 5e), appeared. This
indicates that the delamination crack, at least at some point,
extended to the perovskite/C60 interface, unveiling the perovskite
absorber and allowing its detection. Note that observed indium
and gold peaks originate from the scratched edge of the substrate
and gold foil at the one edge of the manipulator head, respec-
tively. Therefore, they are not relevant to the delamination
process described here.

Manually peeling off the copper electrode does not necessarily
reproduce the delamination process induced by temperature
cycles. Nevertheless, these findings clarify the details of the
delamination process. In particular, it helps rationalize minor
discrepancies between JSC and the cell active area observed for
Cell1 and Cell2 in Figure 4d. Cell1 shows a slight delamination
on the edge with no loss in JSC, whereas Cell2 exhibits a substan-
tial delaminated area without an immediate proportional
decrease in current. In contrast, Cell3 demonstrates a strong cor-
relation between these two. We speculate that the delamination

initiated at the C60/SnO2 interface within Cell1, allowing the
light-generated charge carriers to still be extracted from the cell
due to the intact C60 layer, yet disrupted contact between C60 and
SnO2, created a very high series resistance preventing effective
charge carrier injection into the affected area of the cell, leading
to the dark area on the EL image. While propagating toward
Cell2, delamination partially extended to the perovskite/C60

due to interface steps, specifically laser patterns, which can alter
the propagation of delamination.[21] This led to the observed dis-
crepancy within Cell2 because of intact C60 layer. At some point,
the delamination crack substantially transferred to the perov-
skite/C60 interface and propagated at this interface in Cell3,
resulting in a strong correlation between current loss and delami-
nated area. Further supporting this hypothesis, the initially
observed discrepancy for Cell2 diminishes with cycles. This sug-
gests that the interface crack slowly intruded into intact parts of
C60 within the cell through continuous cycling stress, leading to
its gradual disassociation, thus increasingly impaired charge
transport. Moreover, some newly formed delaminated areas
on Cell3 after 47 cycles show different contrast compared to pre-
viously delaminated areas in EL images (Figure S5, Supporting
Information), further demonstrating the complex propagation of
delamination.

Contrary to previous reports where the propagation of delam-
ination crack was proposed within the fullerene layer[15] or at the
fullerene/buffer layer interface,[16] our findings suggest that
delamination crack can originate at the C60/SnO2 interface but
can travel across C60 due to device geometries and continuous
stress. Nonetheless, it is evident that fullerene-based layers
play an adverse role in the delamination of PSCs, which is
mainly attributed to their very low fracture energy.[22]

Therefore, one of the approaches to overcome this failure
mode would be to find suitable alternative ETL materials.
Some of the fullerene derivatives have already been shown to
have a much higher fracture resistance, but the solar cells com-
bining favorable mechanical properties with high efficiency are
yet to be demonstrated.[22]

(a)

(b)

(c) (d)

(e)

Figure 5. Manual peel-off test and XPS scans of emerged surfaces. Surfaces after manually peeling-off test, a) tape and b) substrate sides. c) XPS
spectrum of scanned areas (1 cm2) represented by red and black squares in a,b). Gray boxes show the zoomed-in characteristic peaks of d) I3d
and e) Pb4f, which are related to the perovskite layer and appear only on the substrate side.
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During indoor thermal cycling and outdoor tests, we observed
instances where delamination occurred and instances where it
did not, despite the tested devices being nominally identical.
This is not surprising because commercial PV technologies
sometimes experience delamination in the field, even though
they pass rigorous qualification and type approval tests, including
thermal cycling tests. This is sometimes attributed to issues with
the encapsulation process.[9,23] It is well known that factors such
as improper encapsulant curing, improper vacuum, voids, con-
taminants, etc. can influence delamination.[11,13] We performed
our lamination process on many dozens of substrates. In some
rare cases, we observed delamination directly after encapsula-
tion, emphasizing the influence of the lamination process on
the phenomenon. Consequently, we hypothesize that manu-
facturing defects beyond our control could also influence the like-
lihood of the observed partial delamination. On the other hand,
it’s important to consider the role of encapsulant material in
delamination, urging more detailed studies that go beyond the
moisture/oxygen barrier properties. For instance, a POE encap-
sulant designed for PV modules demonstrated increased peel
strength through the incorporation of a polymer and additives.[24]

3. Conclusion

This study shows that encapsulant-induced partial delamination
is a critical failure mechanism in state-of-the-art encapsulated
PSCs under real operation conditions. Among several stress tests
we performed, only the indoor thermal cycling test reproduced
the observed delamination, highlighting the primary role of
temperature fluctuations in the phenomenon. However, the var-
iability of delamination occurrence in both outdoor and indoor
tests suggests a complex interplay between environmental
factors, mechanical constraints, and manufacturing flaws.
Observed partial delamination appears as distinct patterns on
the copper electrode, translating to detached areas of ETLs,
thereby resulting in a proportional drop in current. Our findings
also point out C60 as the mechanically weakest link in the cell
stack. Although we did not observe any delamination in
Berlin during 2.5 years of outdoor testing, cells failed within a
few weeks due to delamination in Cyprus and Israel, emphasiz-
ing the importance of multiclimate studies when evaluating the
field relevance of certain degradation modes. Coupled with the
notion that shear stresses will increase with the scale-up of lab-
scale PSCs,[25] encapsulant-induced delamination is expected to
be a prevalent mechanism at the module level without further
development of the currently most popular materials.
Therefore, this work calls for further research to mitigate the
issue on the way of commercialization.

4. Experimental Section

Cell Fabrication and Encapsulation: ITO-coated glass substrates
(Automatic Research GmbH) were consecutively sonicated in a 2% muca-
sol–water solution, deionized water, acetone, and isopropanol in an ultra-
sonic bath. Each step was for 15min. Next, the substrates were treated
with a UV–ozone cleaner for 15min. 2PACz (1mM, 100 μL) solution
was spun on the substrates with a 5-s acceleration to 3000 rpm and sub-
sequent spinning for 30 s. Following, the films were annealed at 100 °C for
10min. For the perovskite absorber, Cs0.17FA0.83PbI2.49Br0.51 (1.3M) with

slightly excess PbI2 was prepared by dissolving CsI (114.8mg), FAI
(371.1mg), PbBr2 (243.3mg), and PbI2 (901.9 mg) in a DMF/DMSO
(2000 μL, 4:1 vol%) solution. The perovskite solution (100 μL) was spun
with a 5 s acceleration to 3500 rpm and subsequent spinning took place
for 35 s. Anisole (250 μL) was dropped onto the spinning substrate 10 s
before the process ended. Following, the films were annealed at 100 °C for
30min. C60 was thermally evaporated until a 23 nm layer was achieved and
followed by the deposition of a 20 nm SnO2 layer via atomic layer
deposition. The cell stack was completed by thermal evaporation of
100 nm copper using a mask to achieve a 0.16 cm2 cell area.
Encapsulation was performed as described elsewhere.[18]

Outdoor and Indoor Stability Tests: In Berlin, Germany (52°25’53.5”N,
13°31’27.7”E), outdoor tests were conducted on the roof-top setup where
encapsulated PSCs were fixed on a 35° tilted stage oriented toward to the
south. Maximum power point tracking system (MP2005M6, LPVO),
employing a perturb and observe algorithm, was used to keep each cell
at maximum power point. Irradiance in the plane of PSCs was recorded
with an EKO ML-02 Si-pyranometer. The temperature inside the encapsu-
lation was measured with a type K thermocouple placed in the lamination
process. Environmental data were measured by the meteorology station
(CLIMA SENSOR US 4.920x.00.00x) next to the outdoor testing setup. In
Nicosia, Cyprus (35°8’46.4” N, 33°25’3.3” E) outdoor tests were con-
ducted on a fixed, south-facing plane tilted at 32° to the horizontal.
The cells were attached to a Keithley 2430 Source Meter using a four-wire
Kelvin probe arrangement via a multiplexing system that would sequen-
tially measure the devices. The irradiance in the plane of the devices under
test was measured using a Hukseflux SR11 pyranometer. Environmental
data including ambient temperature, humidity, wind speed, wind direc-
tion, and air pressure were recorded using various sensors connected
to the FOSS PV Technology meteo data logging system. In Negev desert,
Israel (30°51’25.5”N, 34°46’51.3”E), outdoor tests were performed on a
fixed south-facing stage tilted at 29°. The irradiance in the plane of cells
was measured with a thermopile pyranometer (EppleyPSP) placed on the
same platform. The cells were connected to the maximum power point
tracking system (MP2005M6, LPVO). Environmental data were measured
by the Sede-Boker meteorological observation site. Indoor temperature
cycling tests were carried out in an alternating climate chamber (MKFT
115, BINDER GmbH) where temperature cycled between �40 and
85 °C. The temperature cycles were programmed with chambers’ own
program controller.

Characterization: For indoor temperature cycling tests, J–V measure-
ments were conducted under simulated AM1.5G spectrum with a 1
sun illumination by a calibrated dual-source solar simulator (WXS-155S-L,
class AAA, Wacom) and a Keithley 238 SMU. Substrates were fixed on a
temperature-controlled chuck that was kept at 25 °C. The voltage was
swept in forward and reverse directions between �0.2 and 1.2 V, with
steps of 0.01 V. Integration time and settling time were 20 and 40ms,
respectively. The corresponding cell parameters reported here were mea-
sured after 10min of light soaking. In Cyprus, J–V measurements of cells
under OC condition were conducted with monthly intervals under natural
sunlight with the above-described electronics on the outdoor testing stage
without temperature control. The voltage was swept in both directions
between �0.2 and 1.2, with steps of 0.01 V, and settling time of 50ms.
In Israel, the J–V measurements were conducted under simulated
AM1.5G spectrum with 1 sun illumination intensity by a solar simulator
(LCS-100, class ABB, Newport) and a Keithley 2401 SMU. The voltage
was swept in both directions between �0.2 and 1.2 V, with steps of
0.055 V, and settling time of 20ms. EL and PL images were taken with
a LumiSolarMobile System from GreatEyes equipped with a charge-
coupled device (CCD) camera. Power was provided by programmable
power supply (GEN1U1500W, TDK). For EL images, maximum current
was 4mA with integration times ranging between 700 and 1000ms.
For PL images, illumination was supplied by four 528 nm light-emitting
diode blocks. A longpass filter with cuton wavelength of 700 nm was
attached to the CCD camera. The integration time was 100ms. XPS meas-
urements were performed in the CISSY setup at HZB[26] using an XR-50
X-ray source from SPECS with Mg Kα anode (1253.6 eV) at a power of
150W and a CLAM 4 electron analyzer from Vacuum Generators at a pass
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energy of 20 eV. The electron spectrometer was calibrated using photo-
emission and Auger line position references of sputter-cleaned copper
and gold samples according to established procedures.[27]
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