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Abstract

Flexible photovoltaic (PV) devices represent a promising research field with potential for
wearable, portable, indoor and internet-of-things applications. Significant progress has been made
in recent years, with flexible emerging PVs reporting power conversion efficiency (PCE) over
24%. Yet, there is a need for a unifying protocol to assess PV performance, compare research
results, and evaluate the state-of-the-art achievements in flexible PVs. In this perspective article,
a protocol is presented for measuring PCE over 1,000 bending cycles under 1% strain. Moreover,
several good practice guidelines are proposed including bending procedures, flexibility testing
with and without encapsulation, and ambient conditions during testing (e.g., temperature,
humidity, illumination). Notably, the importance of uniform application of bending radius and the
testing of parallel and perpendicular orientations of bending axis with respect to the direction of
the electric current are emphasized. These recommendations aim to promote consistency in device

comparison and allow for better reproducibility.
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1. Introduction

Mechanical flexibility is an important property in emerging photovoltaic (ePV) devices!
such as organic??, dye-sensitized*, perovskite> ¥, quantum dots’!!, and CZTSe!*!* solar cells from
their inception.!*!> Furthermore, it also has potential in conventional silicon-based photovoltaic
(PV) devices. ' The flexibility and the lightweight nature achieved by using thin plastic

substrates leads to potential applications for surface-based power generation on clothing,'s!°

lightweight aircraft,”® power sources for soft robots,?! curved X-ray detectors,?? among others.?**
Recent research advances have significantly improved the mechanical robustness of ePV solar
cells, enabling them to be rolled into cylindrical shapes without damage and even withstanding
crumpling,®** while also exhibiting stretchability.?’?® Purposely, several review papers on
flexibility/stretchability can be found in the literature,'*!:17:23.29-31

However, despite the widely recognized importance of flexibility, the evaluation of
mechanical robustness in PV technologies could benefit from further consistency®’. The current
status is that each research group claims its own "superior flexibility" based on selectively chosen
parameters, leading to subjective assessments. This practice not only hinders an objective
comparison between results from different research groups/articles, but also raises doubts on the
novelty and validity of each “flexibility progress” in the field. Given the established stability
assessment for next-generation solar cells,”® and standardization by the International
Electrotechnical Commission (IEC),** a comparable protocol is needed to evaluate flexible PVs
effectively.

Attempts to systematically analyze the data and compare the operational performance of
flexible solar cells have recently been undertaken by the emerging PV initiative (https://emerging-
pv.org/) and their yearly reports.! These platforms (an online database and a series of yearly
review articles) track data and provide insights into the behavior of key parameters such as the
power conversion efficiency (PCE), open-circuit voltage (Voc), short-circuit current density (Jsc),
and fill factor (FF) as a function of the device bandgap energy (£,) for high-efficiency flexible
devices. However, these cells are included based on their PCE values and the categorical property
of flexibility, meaning that two flexible devices with the same efficiency but different bending
properties cannot be distinguished. Therefore, there is currently a lack of qualitative classification
and quantitative estimation of the flexibility of these devices.

Notably, the standardization report on flexible displays by the IEC3® provides a
comprehensive description of relevant parameters for four types of strains: bending, rolling,
torsion, and tension. Among these test methods, bending is particularly common for assessing the
performance of flexible PVs wusing the bending radius as main parameter. The
evaluations/analyses relating to bending radius are reasonable for understanding how the
cells/modules maintain their performance depending on the degree of bending and the number of
bending cycles (N,.). However, failure or device degradation is determined by the strain caused

by bending the device, rather than just the bending radius alone. Therefore, reports solely focused
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on bending radius overlook other critical parameters that determine strain during testing, such as
structures, materials, and thicknesses of the devices. Therefore, a more comprehensive
consideration of these parameters is necessary for accurate and meaningful comparisons among
different flexible PV technologies.

Herein, a protocol is proposed for a versatile assessment of the mechanical robustness and
operational performance of flexible PV devices. Our approach involves examining the influence
of substrate thickness and compliance as quantified by Young’s modulus on the magnitude of
strain at a consistent bending radius. The paper discusses procedures that facilitate the evaluation
and comparison of mechanical stability for small-area photovoltaic cells in terms of the PCE.
Furthermore, the paper presents several protocols to enable the investigation of the effects of

encapsulation and the assessment procedures for large-area modules.

2 Bending setups, loading orientation, strain and cycles

There are three main setups for applying cyclic bending strains. The first setup is using a
rod having a specific radius (Figure 1a). If the film is tightly wrapped around the rod without
loosening, the bending radius R will match the radius of the rod. However, there are several types
of potential damage resulting from contact with the part facing the rod. For instance, scratches
onto the substrate surface reducing the optical transmission; scratches to the functional device
layers such as active layers and electrodes causing fatal damage to the photovoltaic performance
and conductivity loss; and/or scratches onto the encapsulation layer causing degraded barrier
properties. If the rod-contact damage is deemed to be minor, this is the preferred setup as it ensures
uniform radius of bending over the entire device. Potential approaches to minimize the
degradation include a lubricant being applied to the rod to inhibit mechanical wear of the samples

If the rod-contact damage is unacceptable, then the second setup could be used, which
involves fixing the PV films to two stages; with one stage being fixed and the other movable
(Figure 1b). As the distance between the two stages becomes shorter, bending stress is applied to
the PV film fixed to the stages. Considering the shortest distance between two stages (L) and the
moving distance of the movable stage (X), the bending diameter (2R) does not correspond to the
length (L), as the bent film has a more complex form than a simple curved shape having one
bending radius. With this setup, the bending radius must be measured from the side view of the
film to confirm the whole device is bent with a constant bending radius. We suggest to take a
photo/image from the lateral view to measure the actual bending radius applied to the device
appropriately (as shown in Figure 1b).

Another alternative is the third setup which uses a foldable stage (without a rod), where
the flexible PV film is fixed to the foldable stages (Figure 1c¢). When the stages become folded,
the film is bent with the bending radius according to the distance between the two stages. For the
second and third setups, the effects of contact deterioration can be minimized since the bendable

area does not touch other objects. In contrast, when using a film with thin thickness and soft
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material (such as silicon elastomer or normal polymer film with a Young’s modulus of ~10° Pa
and ~10° Pa, and thicknesses of several tens of um and <10 pm, respectively), random

deformation can occur rather than continuous deflection due to their low stiffness.

(a) (b) (© ‘
Bent with a rod Movable stage Foldable stage (without a rod)
Foldable
PV device Substrate Clamp Movable stage stage
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Figure 1: Bending setups. Schemed examples before and after the bending, and
corresponding photos, (a) with a rod, (b) with a movable stage, and (c) with a foldable stage
(without a rod). The vertical thick arrows indicate the cycles of bending (top: flat, bottom: bent).

The effective area of the device should be located in the center between the stages to
apply the bending stress appropriately. This placement ensures that the strain is uniformly
distributed across the device, preventing localized stress concentrations. In all cases, the
effective bent region of specified radius R should be larger than that of the device. Given that the
typical effective area of a small cell ranges from several mm? to ~1 ¢cm?, the strain may not be
applied correctly to the cell when far smaller bending radii (than the device size) are used for
cyclic bending tests. This hinders a fair comparison between the bending stability of a large-area
module and single cells under similar conditions. Notably, for all setups in Figure 1, the device is
bent outward (convex), but we can use the same setups and change the device location for the
state in which the device is bent inward (concave).

Since the performance degradation depends on the bending-axis orientation with respect
to the contact pads or busbars, the precise geometry of the device (including the design of contact
pads or busbars) must be detailed, and the orientation of the bending axis should be clearly defined

relative to direction of electric current extraction. A recommendation is given for testing in two
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bending directions, parallel and perpendicular to a specific cell design, including contact pads or
busbars, and regardless of the geometrical shape of the device (e.g. rectangular, square, circular).
It is advised to perform these two experiments on separate samples to avoid cumulative damage,
including a statistical analysis to rule out other non-mechanical instability contributions. For
instance, when the bending axis is perpendicular to the electron flow direction, cracks are
observed reaching the electrodes, causing interruptions in the current flow (as depicted in Figure
2a). This aspect is particularly crucial near the contacts where mechanical clamps are positioned.

The sensitivity to cell (rectangular) geometry is illustrated in Figure 2b and c. Samples
with identical active areas but different contact regions may experience varying degrees of
performance decline after stability testing. Conversely, when the bending axis aligns parallel to
the electron flow, the preferential orientation of the cracks does not disrupt current flow (as shown
in Figure 2d-f). This decrease of contact resistance with the parallel bending direction leads to
improvement of device performance in the absence further parasitic effects. For instance, devices
with sandwich electrode configurations in thin-film solar cells with transparent conducting oxides
and large active area (with negligible border-effect photogeneration) should withstand the
operational performance for more bending cycles in parallel than in perpendicular direction.
Contrastingly, additional performance degradation may occur in the parallel bending direction
after bending tests for samples with finger busbar electrodes, and depending on the size and
geometry of the cell and the electrodes. Furthermore, such effects become more complex in panel
configurations (as depicted in Figure 2g-j), where series connections may not only reduce the
performance of multiple cells but also directly affect the metallic contacts between cells, and even

disconnect them.
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Figure 2: Sample bending. Schemed effects of different bending axis directions, sample
geometries and connections. Top view (b, ¢, e, f, g, 1) and cross sections (a, d, h, j) are shown for
bending axes (dashed lines) perpendicular (a-c, g, h) and parallel (d-f, i, j) to the direction of
electric current extraction (red arrows), in cells (a-f) and panels (g-j). The white serpentine lines
indicate cracks and the crosses mark interruption of the electron flow. The subtracted area in the
top electrodes resembles the case where the finger busbars are employed. Gray and yellow
indicate top and bottom electrodes, respectively. Brown corresponds to the device, which may be

composed by absorber and selective contact layers.

The applied strain during bending test depends on the thicknesses and Young’s moduli of
layers of the multi-stack structure of a flexible PVs. When using polymer films with Young’s
modulus in the order of 1 GPa and thicknesses exceeding 10 um as substrates, the substrate
thickness is much larger than the thicknesses of the other layers and the strain € of the multi-layer

structure can be calculated using the single-layer model *%*7:

_t
e="/op (O
where t is the substrate thickness. However, in other cases, precise strain calculations require the

multilayer model*¥82438;
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EML = ZT: (2) )

where z is the position along the thickness (z), and b is the neutral mechanical plane (zero-strain
position) given by:
T Bt [T - 5 .
Y, Eity '
where E; and t; denote the Young’s moduli and thicknesses of the individual layers. Accordingly,

for determining the strain value, it is desirable to explicitly state the total thickness of a device
and the thickness of each layer composing the stack.

Flexible PV that shows negligible degradation even when bent to an extremely small
bending curvature radius (<1 mm) has been reported*?**°, Therefore, assessing fatigue based on
cyclic strains according to the number of cycles leads to a fairer comparison, rather than quasi-
static stresses where slow and monotonically increasing stresses are applied to the device. Notably,
tensile strain during bent state corresponds to outward bent devices, while inward bent devices
present compressive strain. Specifying the strain type, tensile or compressive, is strongly
recommended.

Appropriate strain values smaller than that of the crack-onset strain (COS) are to be
considered during repeated bending tests of flexible PVs from stress-strain curves.**137 A
property of a functional material (e.g., conductivity) rapidly deteriorates when a larger strain than
that of the COS is applied, leading to device failure.*” The COS value is typically obtained from
the film via elastomer tests.* For example, indium-tin-oxide (ITO) and halide perovskites are
brittle materials for ePVs, with reported COS values of ~ 0.6-1.5%.°* and ~1.2%%,
respectively. In contrast, the polymers used in photoactive layers of organic solar cells have COS
values ranging from a few percent to over 100%.* The current flow occurs vertically between top
and bottom electrodes through active layers in the effective area region, whereas the flow occurs
laterally along with each electrode in the contact pads or busbars region. The degradation intensity
may depend on the direction in which the property of that material is measured, as we discussed
in Figure 2. For example, cracks induced by bending could impede charge carriers in the lateral
direction, but may have a less severe impact in the vertical direction.

In addition to COS, the Yield strain (&y) indicating the limit of strain at which a material
shows elastic deformation should also be considered. Otherwise, the N, for bending tests become
too large to produce significant decrease of device performance. The values of both, the &, and
the COS of a film attached to an elastic and adhesive substrate, can be higher than those of the
corresponding free-standing films*’~°. Therefore, when using such elastomeric and adhesive
substrates, it is recommended to evaluate the strain-stress curve for measuring &y and COS in the
most brittle material of the stack. Particularly, the use of a film with a multilayer structure (similar
to the device structure) is recommended with a dumbbell or dog-bone shape®!. If brittle materials

are included, a strain value of 1% is usually estimated to be within the appropriate range.
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Evaluating the mechanical stability of flexible PVs involves assessing changes in
performance via repeated cycles between bent and flat states. Many reports adopt a range of
approximately 10°~10* cycles,”*>* following established fatigue testing methods, commonly
employed for the study of metals.? In the case of such high-strength materials, fatigue failure is
classified into high- and low-cycle fatigue, with over or fewer than 10* cycles, in which a specific
&< gy and £,<e<COS is used, respectively.** While high-cycle fatigue entails minimal plastic
deformation and operates within the elastic strain range, low-cycle fatigue involves repetitive
plastic deformation. When the strain value is extremely small, high-cycle fatigue-like behavior is
exhibited, and it is conceivable that performance deterioration hardly occurs at repeated strains
of about 10°~10* bending cycles. Strain values significantly lower than the yield strain (e.g., 0.1%
or less) may be insufficient for a Ny, as low as 10°-10* and may have negligible impact on device
performance. Therefore, a higher Ny, or larger strains are required in such cases. In addition, we
recommend bending speed values ranging from 0.15 to 30 cycles/min. This agrees with the IEC
standard for mechanical test methods of flexible display devices, which specifies the range of
time for one bend and interval as between 0.5 s and 10 s. 3* Notably, 30 cycles/min corresponds
to over 5.5 hours to obtain 10* cycles. Moreover, a large Ny of more than 10* necessitates
consideration of additional factors that may significantly contribute to degradation.

In summary, the recommendation is for the number of bending cycles N, =10°, and a
bending radius that gives a strain value of € =1%, for which plastic deformation is expected to
occurs, and thereby a decrease of performance can be observed. However, the suggested strain
value is not applicable when testing a devices with gy, COS > 1%. This is particularly relevant
for certain stretchable solar cells that may require additional cyclic stretching tests. Moreover, as
the long-term storage and operational stability of flexible PVs improves over time, it may be

advisable to increase the number of cycles to 10*, or greater.

3. Encapsulation and environmental test conditions

Typical encapsulation systems consist of an adhesive and a permeation barrier layer
completely adhering to the device substrate.’*>® Then, the device is placed between the
encapsulation layers (substrate and top/bottom encapsulation) (Figure 3) and the maximum strain
occurs on the surface of the bottom or top encapsulation layer. Therefore, the device can be near
the neutral strain position, which reduces the strain value applied to the device. Illustratively,
Sekitani ef al. have compared organic thin-film transistors (TFTs), > showing that a neutral-strain
position reduces the failure radius from ~1 mm to ~0.5 mm, despite the materials and thicknesses
of device and substrate are the same. The extreme small critical bending radii (10 pm or less) of

recently reported ultra-thin ePVs also benefits mainly from this neutral strain position strategy.
8,25,39



(a) Without encapsulation (b) With encapsulation

Encapsulation
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Rupture
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7
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Figure 3: Encapsulation and bending. Strain distribution without (a) and with encapsulation (b).
Red arrows represent strain vectors at each position. For the case without encapsulation, the
maximum strain is applied to the surface of the device and the substrate, whereas for the case with
encapsulation, the maximum strain is applied to the encapsulation layer and substrate. The strain
applied to the device can be minimized by the addition of encapsulation, but the encapsulation

layer can suffer from degradation itself (such as rupture and delamination).

Additionally, the use of an encapsulation layer can itself contribute to preventing device
failure by suppressing local strains near pinholes/microcracks and interlayer delamination.®
When an encapsulation layer is added to the device, the maximum strain occurs on the surface of
the encapsulation film rather than on device surface. Therefore, greater attention must be more
paid to the brittleness of the encapsulation layers (such as s silicon nitride or silicon oxide films)
rather than the device layers. Rupture or interlayer delamination occur between the encapsulation
and a device during repeated bending cycles, potentially resulting in a decline in gas barrier
properties. Also, as the thickness of the adhesive layer increases, the adhesive layer also undergoes
larger strain values. In such cases, some combinations of brittleness and thickness of UV-curable
adhesives may lead to delamination between the device and the sealing film, or a decrease in
sealing performance due to cracks in the adhesive layer. To assess the potential alteration in gas
barrier properties of the encapsulation film, it is crucial to subject encapsulated devices to repeated
bending stability tests under real ambient conditions, where the device is used (for most cases,
ambient air conditions). In doing so, specifying the maximum strain expected to impact the
encapsulation film enables a thorough evaluation under different conditions. Moreover,
specifying the weight in terms of mass per photoactive area (kg cm™) is recommended, not only
for all the samples but also specifically for those including encapsulation.

Other environment factors can also cause degradation in addition to that from the bending
tests. For example, conducting more than 10° bending cycles, which can span several hours to
complete the test, for unencapsulated samples, may lead to further degradation caused by extrinsic
oxidation. Even encapsulated samples can degrade due to intrinsic unintended reactivity, phase
separation, and/or diffusion of material species, which can be triggered by light, temperature, and
electrical bias.®%? Therefore, it is essential to indicate the environment in which the cyclic

bending test is conducted (e.g., ambient air or N,). Comparing the bending stability under different
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environments is fundamentally challenging. Therefore, it is recommended using the conditions
listed in Table 1: first, unencapsulated devices in an inert atmosphere; second, unencapsulated
device in ambient air; and third, encapsulated device in ambient air.

Further recommendations for the cyclic test in ambient air, according to the IEC standard for
flexible displays, * include: temperature: 25 °C + 3 °C; relative humidity (RH): 25 % to 85 %;
and atmospheric pressure (AP): 86 kPa to 106 kPa. Moreover, a comparison with a device stored
in the same environment (no bending strain experienced) is strongly recommended to discuss
deterioration due to other parameters other than bending, as suggested by Zheng ef al.® | This
comparison is specifically recommended when testing at a high N, when the speed of one cycle
is very low, or with ultra-thin substrate/passivation technologies that can sacrifice barrier
properties of water-oxygen to achieve minimized strain during bending. Furthermore, we
recommend describing the change in PCE after bending cycles in either of the three bending test
conditions listed above, providing both the measured PCE change and the difference in PCE
change compared to samples that have been stored under the same conditions, but have not been
subjected to mechanical strain.

Photo-instability is also a typical issue among rigid ePV devices. Consequently, it is
recommended to perform the bending tests for analyzing mechanical stability (A and B in Table
1) in the dark and under open-circuit (OC) conditions. Therefore, the PCE of the sample should
be measured before and after the stability test, under standard one sun illumination conditions.
Ideally, these experiments should be designed to mainly characterize the effect of mechanical
stress by minimizing other degradation factors and parameter change. Unfortunately, in most
cases, only optical or visual information is accessible during these bending tests. As a result, the
time-dependent evolution of the electrical properties is often unavailable, and the sample may fail
before the completion of the test, precluding further assessment. Alternatively, a mechanical and
operational stability test (C in Table 1) can also be performed under constant one-sun illumination
intensity with continuous maximum power point (MPP) tracking.®' In this case, the in-situ
measurement of J-V curves is recommended after each bending cycle (or every conveniently small
number of cycles), which in some cases complicates the already challenging characterization,
such as in PSCs*. For instance, the J-¥ measurements must be in phase with the bending cycling
in a way that it is performed while the sample is flat, to match the calibration for standard
illumination intensity. This and the required wiring for electric biasing of the sample are

acknowledged to hinder the implementation of method C in Table 1.

4. Conclusions

Significant progress has been made in flexible emerging PV devices over the last decade; however,
a systematic protocol for characterizing mechanical stability and comparing device performance
has been lacking in the literature. To address this gap, the importance of strain quantification over
curvature radius has been emphasized, and several recommendations have been provided for best

practices in mechanical stability tests. We highlight for a homogeneous distribution of bending
11



radius during the bending test, and the detailed description of the bending orientation and the
exact geometry of the sample with respect to its contact and clamping points. Testing in both
parallel and perpendicular orientations of the bending axis relative to the direction of electrical
current is also recommended.

A protocol is presented for measuring the PCE before and after, or during, 1,000 bending cycles
under 1% strain. Table 2 summarizes the suggested protocols for bending cycle mechanical
stability tests and a checklist recommendation is included in the supporting information. These
protocols are applicable not only to mainstream emerging photovoltaics such as organic and
perovskite devices, but also to any other flexible solar cells, including flexible quantum dot,
nanocrystal, kesterite, and silicon cells. Furthermore, the aforementioned mechanical
performance characterization protocols are recommended as an initial framework to foster
progress in other flexible optoelectronic devices, such as photodetectors, light-emitting diodes,
transistors, memristors, and supercapacitors.

Importantly, the bending tests are a primary metric for mechanical robustness, and the
recommendations in this manuscript provide a fundamental starting point for the systematic
characterization of mechanical device performance in PV cells. More detailed and in-depth
studies may be necessary, and we acknowledge that stretchability, adhesion, and chemical

inertness are crucial for long-term stability.
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Tables

Table 1. Environmental conditions suggested for bending cycle testing

Test Focus Encapsulation Environment Biasing [llumination cillc{itt};(e);s
AU e e ST o be e
B: Unenzﬁﬁlilelitte;rdevice in No Ambient air oC Dark 8865- 10{‘)] 6Rk}II’;a
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Table 2. Recommended description of characterization protocol for bending cycle tests of

flexible PV devices. The asterisk indicates the mandatory parameters to be specified in reports.

Classification/description Parameter

Protocol details/comments

Device characteristics

Environmental conditions

Bending conditions

Strain calculation

Substrate thickness

(1:)*
Device thickness ()

Each layer thickness

Encapsulation*®

Weight per
photoactive area
Atmosphere*

Temperature™*

ITlumination*

Atmospheric pressure

Biasing*

Bending strain
type/direction*®

Bending radius*

Suggested number of
bending cycles*
Cycling speed or
duration for one
cycle

Bending axis
orientation*

With simple model
18

Must be specified.

Recommended to specify effective
average cross-section distance between
electrodes.

Recommended to be specified.

Must be specified and described when
present, including encapsulation (barrier
layer and adhesive layer) thickness.
Recommended to be specified in units
of kg cm™

Must be specified (air or N»-filed glove
box). In the case of air, RH = 55% +
15% recommended.

Must be specified; 25°C recommended.

Must specify dark, or illumination
intensity and spectrum. In the case of
illumination, standard 100 mW cm™
AM1.5G spectrum is recommended.
Specification encouraged; 96 kPa =+ 10
kPa is recommended.

Must specify open-circuit, short-circuit,
constant bias, or MPP tracking. Open-
circuit and MPP tracking are
recommended, for dark and illuminated
tests, respectively.

Must specify tensile or compressive
strain depending on whether the device
is in the outer or inner bending surface
of the substrate, respectively.

Must be specified. The recommended
value is that corresponding to the strain
of ~1%.

Must be specified; 1,000 cycles
recommended.

Specification encouraged; 0.15-30
cycles/min recommended.

Must include graphic description of the
bending axis direction, specifying the
position of the electrodes and the exact
geometry of the sample, including the
contacts or busbars. Testing of both
parallel and perpendicular orientations
of the bending axis with respect to the
direction of electric current flow is
encouraged.

Mostly accepted



with multi-stack
model

Performance presentation  PCE*

JSC; FF, I/oc

External quantum
efficiency (EQE)

Exceptional case for simple model
cannot be applied (soft/thin substrate).
Young's modulus can be referred from
references.

Must specify the initial and final PCE
values under standard conditions before
and after the mechanical bending test.
In situ PCE as a function of cycle
number encouraged.

Recommended to be measured and
presented including the J-V curves and
further performance parameters, before,
during and after the bending test.
Encouraged to be measured and
presented before and after the bending
test.

*Strongly recommended to state in the article
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