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Abstract

During the last few decades — in some cases only a few years —novel thin-film photovoltaic
(PV) technologies such as dye-sensitized solar cells (DSSC), organic solar cells (OPV) and
lately perovskite-based solar cells (PSC) have been growing in maturity with respect to device
performance and, at least similarly important, device stability. Together with new material
systems, novel device architectures are also introduced. Both parameters will have an effect
on the overall device stability. In order to improve the understanding of degradation effects
and how they can be prevented, stress testing under different conditions is commonly applied.
By careful combination of stress factors and thorough analysis of photovoltaic parameter
decaying curves, an understanding of the underlying degradation pathways can be gained. By

the help of standardized and accelerated stress tests as described in the ISOS-protocols,
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statements concerning application lifetimes can finally be made and compared among
different labs. Once a photovoltaic technology has proven long lasting durability, the ultimate
barrier for entering the commercial market are the IEC tests, taking a deeper look on overall
safety and reliability instead of durability. In this article, the most prominent stress tests are
reviewed, discussed and extended with respect to learning the most about photovoltaic device

stability.

1 Introduction
During the last two decades a substantial and impressive development of a wide variety of

thin film solar cells has been achieved. These include photovoltaic devices based on a large
and versatile class of material systems such as organic semiconductors, inorganic
semiconductors and more lately hybrid material blends or hybrid semiconductors.
Furthermore, specific secondary materials properties, which provide extended functionality
such as solution processing, have been the motivation driving these technologies. Additionally,
compared to more conventional photovoltaics such as silicon solar cells, the device operation
principles of many of these thin film photovoltaic technologies are dependent on complex
physical mechanisms, such as excitonic processes, photo-induced charge separation,
functional material interfaces.

Whereas initial research efforts were focused on understanding the underlying device physics
and improvements in power conversion efficiency, with increasing maturity of these
photovoltaic technologies, growing efforts are now being invested into the understanding of
underlying degradation mechanisms and the improvement of device stability. In addition to
efficiency, increased device lifetimes are fundamental requirements for transforming these
technologies into an economic viability. In early studies, many stability investigations with
various stress conditions were conducted in order to gain a better understanding of the

degradation mechanisms. Currently, however, a consolidation towards some common stress



scenarios for stability has been pursued in order to enable a better comparability between
results of different research labs worldwide. A particularly well organized large scale effort
was conducted within the framework of the International Summit on Organic Solar Cell
Stability (ISOS), leading to the so-called ISOS-protocols. Nowadays these constitute a well-
accepted and generally followed standard within the organic photovoltaics (OPV) community.
However, for commercialization of thin film photovoltaics, quite different stability tests need
to be applied, as defined by the International Electrotechnical Commision (IEC, Genf,
Switzerland) within the IEC 61646 documents. These IEC standards are applied to approve
thin film solar modules with respect to security, quality and stability as a prerequisite for
entering the international market.[!!

Within this report we aim to compare the existing testing standards for testing and certifying
the stability of thin film photovoltaic technologies. We do this by pointing out commonalities
and differences among them and by assessing their applicability and significance for various
potential application scenarios. This will be accompanied with recommendations concerning
the reporting of additional relevant stress parameters which are currently not considered in
testing standards but that will further help identify key degradation mechanisms. Furthermore
some general considerations about typical phenomena such as burn-in and long term
degradation, their current understanding and their unambiguous determination along with
additional suggestions concerning practical figures of merit will be discussed. Ultimately, the
practical value of various stress tests will be analyzed concerning comparability, transfer from
test to application, validity of acceleration factors and other parameters involved in the design
of reliable, stable thin-film photovoltaics.

2 Presentation of common approaches for studying solar cell stability
2.1 IEC 61646

Long term performance, together with costs and efficiency, are the main parameters which

determine the commercial success of a photovoltaic (PV) technology. The guaranteed



reliability required for many applications, from grid-connected PV systems to building-
integrated photovoltaics (BIPV), is around 20 years of practical lifetime or longer. Obviously,
especially for new technologies entering the market, relying only on monitoring the
performance of demonstrator field systems installed outdoors over timescales of decades is
impractical. Therefore accelerated stress tests were developed to gauge the long term
performance of PV devices in a much shorter time interval (i.e. typically months rather than
years or decades).
On this matter, three widely adopted standards for photovoltaics have been proposed by the
International Electrotechnical Committee (IEC) which are:
e |EC 61215: Crystalline silicon terrestrial photovoltaic (PV) modules —design
qualification and type approval
e |EC 61646 : 'Thin-film terrestrial photovoltaic (PV) modules —design qualification and
type approval’,
e |EC 62108: Concentrator photovoltaic (CPV) modules and assemblies —design
qualification and type approval.
Although they are often applied to the PV technologies which are not crystalline silicon or
CPV, the IEC 61646 qualification was designed mainly with amorphous silicon (a-Si)
modules in mind and this must be considered when applying it directly to other technologies
which have peculiar behavior under varying conditions like light, temperature etc.[?! For next
generation organic (OPV), perovskite (PSC) and even dye sensitized photovoltaics (DSSC),
which lack specific industrial qualification tests, IEC 61646 currently represents the most
applied standard for those industrials laboratories that aim to qualify the stability of next
generation demonstrators in both the OPV and DSSC fields.F!
The IEC 61646 sets up a sequence of tests, conditions and requirements for the qualification

of a PV module. These are designed to represent the capability of the PV module to maintain



performance under prolonged exposure to standard climates (defined in IEC 60721-2-1).[%
The IEC 61646 tests and their sequences are shown in Figure 1.
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Figure 1: IEC 61646 qualification sequence for PV modules.



The IEC 61646 qualification sequence is run on eight modules taken at random from a
production batch or batches from a supplier who chooses to undergo the qualification. The
first test carried out on all modules is a diagnostic visual inspection to detect “any visual
defects”. The modules are then tested for performance to determine the maximum power
output in measurement conditions close to (but not as stringent) as standard test conditions.
The subsequent insulation and wet leakage tests determine if there is sufficient electrical
insulation between the current-carrying parts and the exterior both in dry and under wet
operating conditions (moisture ingress). The latter test also verifies that moisture (e.g. caused
by rain, dew, snow) does not enter the module, since it can cause corrosion or a safety hazard.
A combination of these initial tests (especially the first and the third) are often repeated after
each of the subsequent tests shown in the flow of Figure 1 and are specified in the text of the
IEC 61646 document. For diagnostic purposes intermediate measurements of maximum
power (10.2) may be undertaken before and after every individual test. The eight modules are
then separated in 5 groups according to Figure 1.

One module undergoes a series of tests to determine performance and diagnostic parameters
such as the Outdoor Exposure test which represents a short preliminary assessment of the
module’s ability to withstand exposure to outdoor conditions. The temperature coefficients,
and the Nominal Operating Cell Temperature (NOCT) are performance tests. The Hot-Spot
Endurance is a diagnostic test to gauge the ability of the module to withstand localized
overheating caused by mismatched or faulty cells which can be forced into reverse bias.[?!
Similarly, the Bypass Diode Test, which constitutes an important safeguard against the effects
of cell mismatch, gauges the endurance of the bypass diodes.

Two modules undergo UV preconditioning to determine degradation due to high energy UV
photon exposure before undergoing a Thermal Cycling Test between the limits of —-40°C and
+85°C (50 cycles). Next these two modules undergo a Humidity Freeze Test. This is an

environmental test corresponding to 10 complete cycles with a high limit of 85°C (with high
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relative humidity requirement of 85%) and low limit at -40°C. One module is then subjected
to a mechanical test which verifies the Robustness of Terminations.

Two other modules undergo a longer Thermal Cycling of 200 cycles (-40°C/+85°C) to test the
ability of the modules “to withstand thermal mismatch, fatigue and other stresses caused by
repeated changes of temperature” M while another pair are subjected to a Damp Heat Test of
1000h at +85°C and a relative humidity of 85% to gauge the durability of the devices to high
temperatures and humidity permeation. After the Damp Heat Test, one module is subjected to
a Mechanical Load test and the other a Hail Test which determine the resistance to
mechanical loads/impacts after a prolonged environmental test.

According to the flow in Figure 1, six modules, together with a control device, are subjected
to a Light Soaking Test and a final Wet Leakage Current test.

To stabilize the electrical characteristics of thin-film modules by means of natural sunlight or
simulated solar irradiation, the Light Soaking Test is the final major test which wraps up the
IEC 61646 qualification. The modules, under a resistive load, are subjected to irradiation until
their maximum power output, Pmax, stabilizes at irradiances between 600 — 1000 W/m? and
temperatures ranges between 40°C and 60°C. Pmax must be stable within 2% after two
consecutive exposures of at least 43 kWh-m2. The value of the stabilized Pmax is then again
checked against the minimum value as marked by the manufacturer. In order to pass this final
test, the maximum output power at STC must not be less than 90 % of the minimum value
specified by the manufacturer.

2.2 I1SOS-protocols

With the rapid increase in OPV performance during the last decade, there has been an
increasing awareness in the research community for the growing need to establish generalized
stability testing conditions, enabling improved comparability between lifetime values reported
from different research labs. Based on reports and discussions from the first three

International Summits on OPV Stability (ISOS) in 2008, 2009 and 2010, the so-called “ISOS-
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protocols” were defined. These were summarized in a publication entitled “Consensus
stability testing protocols for organic photovoltaic (OPV) materials and devices” in 2011.1 In
response to the lack of practical guidelines for intercomparable OPV stability tests, the aim of
the ISOS community was to establish standard procedures for accurate lifetime estimations of
organic thin film solar cell devices. The protocols were intended to provide more tailored
criteria to investigate OPV stability than was outlined in the existing IEC 61646 [, which is
intended for the commercial qualification of terrestrial thin film photovoltaic modules but not
for elucidating degradation pathways and identifying key mechanisms limiting device
lifetimes. One major motivation for developing the ISOS protocols was to identify parameters
which influenced device stability in order to enable reasonable accuracy in the comparison
between reported stability and lifetime data for organic thin film devices. The ISOS study
aims to coordinate efforts to gather as much information about OPV degradation and stability
in a controlled manner such that qualification tests, which may be more suitable or detailed
than the IEC 61646, can be developed.

The ISOS protocols were initially developed to classify the guidelines into different
fundamental stress conditions to imitate the requirements of specific applications.
Furthermore, three levels of execution are defined for each fundamental stress condition with
increasing complexity and demand on measurement equipment and accuracy. These various
complexity levels were introduced to enable the possibility for virtually every researcher to
follow these guidelines. This introduced flexibility for stability studies in the field. On the one
hand, laboratories with limited budget and infrastructure can still produce results which are
comparable with other studies. On the other hand, the advanced procedures match
standardized tests in certified labs which provide a benchmark for characterizing photovoltaic
technologies. In Table 1, a summary of the aforementioned fundamental stress conditions and
different levels of execution is shown. The five different testing conditions are “Dark”,

“Outdoor”, “Laboratory weathering testing”, “Thermal cycling” and “Solar-thermal-humidity
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Cycling”. “Dark”-storage at different temperatures elucidates the influence of ambient air and
thermal stress. Ingress of water and oxygen through the sealing and morphological changes
within the bulk heterojunction are the main degradation issues under these conditions.
Statements about the shelf life of a device can be extrapolated from these test results.
“Laboratory weathering testing” applies light and continuous electrical stress — by load and by
periodic in-situ current-voltage (IV)-characterization — as additional stress conditions. Thus,
additional energy — by irradiation and electrical current — is introduced and further
degradation mechanisms, such as photo-oxidation and electro migration, can be detected.
Interestingly, a very fast initial decay of power conversion efficiency — the so-called burn-in —
is commonly observed while applying this testing protocol. Since burn-in is often not
observed under dark conditions, its origin is very likely to be related to light and/or electrical
stress. Please refer to section 5 for more information. The testing conditions “Thermal
cycling” and “Solar-thermal-humidity cycling” are inspired by IEC’s 61646 “10.11 Thermal
cycling test” and “10.12 Humidity freeze test” although the application of illumination is
beyond the IEC 61646 protocols. These testing procedures are meant to elucidate the devices’
ability to withstand thermal mismatch, fatigue and other stresses caused by repeated changes
of temperature and — in case of additional incident light — large temperature gradients. Since
these stress conditions are very close to official qualification for industrial products, these are
usually not applied within scientific studies. Last but not least, an “Outdoor” testing condition
is described. Although this testing condition is indisputably very close to the real application
of terrestrial PV, it is not very well defined, since the measurement conditions significantly
change between locations and seasons.l®! Notably, the spectrum of the sunlight rarely matches
the standardized AM1.5 or AM1.5G spectra,l as these are based on theoretical assumptions
in the 1970s, which have, in the meantime, been found to deviate considerably from real

conditions.



Table 1: Summary of measurement guidelines for the different stress conditions and levels of execution
nrovided within the 1SOS nrataenls hv Reece at al 4

Three levels

Basic (Level 1) “Hand held” measurements using the simplest equipment and few conditions
Intermediate (Level 2) Fixed conditions and protocols suited for most labs
Advanced (Level 3) Standardized tests applied in certified labs. Extended range of parameters to monitor, etc.
Test type Dark Outdoor
Test ID 1SOS-D-1 Shelf ISOS-D-2 High temp. 1SOS-D-3 Damp 1S05-0-1 1SOS-0-2 1S0S-0-3 Outdoor
storage heat Qutdoor Outdoor
Light source None None None Sunlight Sunlight Sunlight
Temp.* Ambient 65(85 C 65/85 C Ambient Ambient Ambient
Relative humidity (R.H.)" Ambient Ambient (low) 85% Ambient Ambient Ambient
Environment® Ambient Oven Env. chamber Outdoor Outdoor Outdoor
Characterization light Solar simulator or Solar simulator Solar simulator Solar simulator Sunlight Sunlight and solar
source sunlight simulator
Load" Open circuit Open circuit Open circuit MPP or open MPP or open MPP
circuit circuit
Test type Laboratory weathering testing Thermal cycling
Test ID ISOS-L-1 Laboratory [SOS-L-2 Laboratory ISOS-L-3 Laboratory ISOS-T-1 Thermal ISOS-T-2 Thermal 1SOS- T-3 Thermal
weathering weathering weathering cycling cycling cycling
Light source Simulator Simulator Simulator None None None
Temp.” Ambient 65/85 °C 65/85 C Between room temp.  Between room temp. —40to +85 C
and 65/85 C and 65/85 'C
Relative humidity  Ambient Ambient Near 50% Ambient Ambient Near 55%
(RH.)
Environment/setup Light only Light & Temp. Light, Temp. and R.H.  Hot plate/oven Oven/env. chamb. Env. chamb.
Characterization Solar simulator Solar simulator Solar simulator Solar simulator or Solar simulator Solar simulator
light source sunlight
Load" MPP or open circuit MPP or open circuit MPP Open circuit Open circuit Open circuit
Test type Solar-thermal-humidity Cycling
Test ID ISOS-LT-1 solar-thermal cycling ISOS-LT-2 solar-thermal-humidity ISOS-LT-3 solar-thermal-humidity-freeze
cycling cycling
Light source Simulator Simulator Simulator
Temp. Linear or step ramping between room temp. and Linear ramping between 5 and 65 'C  Linear ramping between —25 and 65 C
65 °C
Relative humidity (R.H.)  Monitored, uncontrolled Monitored, controlled at 50% beyond  Monitored, controlled at 50% beyond 40 C
40 °C
Environment/setup Weathering chamber Env. chamb. with sun simulation Env. chamb. with sun simulation and
freezing
Characterization light Solar simulator Solar simulator Solar simulator
source
Load” MPP or open circuit MPP or open circuit MPP or open circuit

* The ambient conditions are defined as 23 C/50%RH in general, and 27 C/65%RH accepted in tropical countries according to 1SO 291(2008): Plastics—Standard
atmospheres for conditioning and testing.
" Open circuit refers to a simply disconnected device or device connected to a sourcemeter set to 0 current.

For all testing conditions within the 1SOS-protocols, a large number of actual measurement
conditions are defined — often even the exact figures for parameters like the temperature —
with increasing accuracy for each level of execution. Nevertheless, the most common testing
procedure used by the community since 2011 — the laboratory weathering testing ISOS-L —
has resulted in many discussions regarding the light source used for artificial illumination.
Several commonly used light sources were discussed by Reese et al. regarding their
applicability for ISOS-L tests, Table 2). Only two lamp types, Xenon arc and metal halide,
were able to match the standardized AM1.5G spectrum closely enough and are thus best
suited for ISOS-L testing. Nowadays, there are some LED-light sources which are also able to
simulate the whole sunlight spectrum very well, albeit these light sources can be extremely

expensive. In order to avoid large investments as a requirement for stability testing, all lamp
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types are accepted for reporting ISOS-L1 conform results, although a critical discussion and
comparison of the results as well as reporting the specific light source employed are
mandatory.

Table 2: Overview of artificial light sources and rating in accordance with 1SOS-L protocols 1.

Type of light source Comments Comparison to AM 1.5G

Sulfur plasma Broad continuous spectrum in the visible and IR range, cannot reach class A Does not match AM 1.5G
designation for spectral match between 400 and 1100 nm
No significant emission in the UV range

Tungsten halogen Broad continuous spectrum in the visible and IR range, cannot reach class A Does not match AM 1.5G
designation for spectral match between 400 and 1100 nm
No significant emission in the UV range
Spatial uniformity issues to be expected

LED lamps Tunable colors. Large array of LEDs can simulate light approaching AM1.5G (see for Does not match AM 1.5G
example, [23]), but single LEDs cannot presently reach Class A designation from 400 to
1100 nm
UVA and UVB fluorescent UVA lamps: good match to daylight between 290 and 340 nm, no emission in the Do not match AM 1.5G
tubes visible and IR ranges
UVB lamps: important emission below 290 nm, no emission in the visible and IR
ranges
Medium pressure Discrete emission of nearly monochromatic radiation between 290 and 560 nm. No Does not match AM 1.5G
mercury arc radiation emitted beyond 560 nm
Xenon arc Very good match to AM1.5G with appropriate filtering, can meet class A requirements Good match AM1.5G (with correct
for spectral match filter system)

Lamp aging tends to affect more UV range over other ranges, so monitoring in UV
range is critical to maintain proper irradiance level

Metal halide Very good match to AM1.5G with appropriate filtering, can meet class A requirements Good match AM1.5G (certain types)
for spectral match (metal halide global types), require stable source of electrical power
for stability of emission spectrum

Beside suggestions and guidelines for measurement procedures, the 1ISOS protocols describe
the correct presentation for stability data and reporting of operational lifetimes. For the most
common ISOS protocol, the laboratory weathering testing, ISOS-L, a periodic in-situ V-
measurement is performed. With that, a temporal evolution of the I\VV-parameters, especially
the power conversion efficiency, can be plotted. A schematic example for a typical temporal
development of the solar cell performance is given in Figure 2. Usually a fast initial decay of
the PCE — the burn-in — is followed by a slow long term decay that defines the operational
lifetime of the device. Typically four points on the efficiency versus time curve are identified.
These can be used to define the operational lifetime with and without stabilization of an OPV
device tested under ISOS-L conditions. In Table 3, these parameters are listed and defined. A
critical point is that Ts — the end of burn-in is “defined arbitrarily by the user”. In section 5, a

more objective definition of this parameter is introduced.
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Figure 2: Schematic temporal evolution of the power conversion efficiency derived by 1SOS-L protocol.[
Four typical points of the curve are used to define OPV device stability as explained in Table 3.

Table 3: Definition of the four points needed to define OPV device stability according to Reese et al.¥

Eo, To

Es, Ts

ESOv TSO

ESSOv
TSSO

Eg is the initial testing measurement of an OPV device immediately
after final fabrication of the device, at time=0, T,.

Es is a second testing measurement of an OPV device, defined
arbitrarily by the user as some time, Ts, after the fabrication of a
device.

Egq is the testing measurement of an OPV device after the device has
decayed 20% from the initial testing measurement, Eg. Tgg is the time
it took to decay to Ego.

Esgp is the testing measurement of an OPV device after the device has
decayed 20% from the second testing measurement, Es. Tsgq is the
time it took to decay to Esgp.

In summary, the proposed ISOS-protocols represent a large spectrum of defined stress

conditions and thus enable researchers to collect and report data related to solar cell stability

in a reproducible and comparable manner. And even though these tests were created with

OPV in mind, the stress conditions are universal and the protocols can also be applied for

other thin-film photovoltaic devices such as DSSCs and perovskite solar cells.

2.3 Comparison of the IEC and ISOS protocols

In general, the IEC 61646 international standard is intended to be an official test procedure to

approve commercial terrestrial thin film solar modules before sale, with focus on the electrical

and thermal characteristics, capability of withstanding exposures of climate and other stress
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tests for safety qualification. This qualification is typically carried out by officially certified
testing labs. The 1ISOS-protocols instead aim to provide guidelines of reduced, medium or
advanced complexity to enable researchers to report comparable OPV stability values under
specific stress conditions.

While there is in part substantial similarity between the documents, e.g. both present
procedures for testing device stability with very detailed measurement conditions for each
stress condition, they also differ significantly in many aspects. Particularly noticeable is that
IEC 61646 specifies distinct durations for each stability test, while ISOS-protocols do not.
IEC 61646 offers a range of acceptable parameters, but does not allow any deviation from the
given procedures, while ISOS-protocols allow different levels of complexity and accuracy.
Furthermore, IEC 61646 largely provides test procedures that simulate extreme external stress
conditions, like mechanical load, hail or high external voltage. Further tests include bypass
diode, hot spot endurance, and specific safety tests (insulation and wet leakage). All these
tests intend to confirm device safety and qualify the device for sale.

Differences between the ISOS and IEC protocols are due to the different specific aims of both
documents. IEC 61646 aims to identify potential key failures of commercial devices, whereas
the ISOS recommendations are meant to delve in a systematic study of degradation
mechanisms and provide accurate long term prediction on device stability, ultimately
providing a flexible framework in which short and long term degradation mechanisms of thin
film OPV devices can be reliably detected and analyzed. Therefore, ISOS-protocols are useful
in the development phase of new photovoltaic devices in order to improve overall long term
stability and lifetime, as well as identify approaches for constructive device stabilization.
Nevertheless, the initial idea to compile the ISOS-protocols has its seeds in the IEC 61646
tests. In fact, the “light-soaking” — or “laboratory weathering testing”, “outdoor” and “thermal
cycling” tests are very similar in both documents, but with higher flexibility in ISOS-

protocols.
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3 Useful extensions for 1SOS-lifetime studies

The 1SOS-protocols! represent the backbone and state-of-the-art of current efforts in
studying OPV device stability. Nevertheless, in the meantime a learning process has taken
place within the scientific community, yielding the possibility for improved precision in
reporting testing conditions. Specifically, several ambiguities related to the reporting of
testing parameters have been recognized. In this section, reporting of more precise testing
parameters and methods for data documentation are proposed.

One specifically important stress parameter during aging is the temperature of the device.
However, due to the flat geometry and sealing of the solar cells, it is difficult to measure cell
temperature directly. The 1ISOS-protocols suggest measuring temperature behind the solar cell
in case of laboratory weathering — without further specification. This is indeed the best
location to measure the temperature as closest as possible to the device stack. However, there
are additional temperature measurements that should be considered, particularly as it is not
always trivial to control the temperature within a setup for each sample individually. Often the
solar cells are packaged with glass or plastic foil — both of which exhibit rather low thermal
conductivities. Therefore, measurements behind the cell — or even in direct contact with the
device may not give an accurate temperature for the solar cell itself. Hence we suggest taking
additional measurement points within the measurement chamber, for example within the
shadow, within the light and at the side of the sample holder to have a number to comparable
values. In Error! Reference source not found., an example of the sensitivity of device
performance on ambient temperature is demonstrated. In this particular example the room
temperature, controlled by air conditioning, was changed by 5°C at ca. 1400 h stressing time.
The impact on open circuit voltage is clearly visible, although the sample temperature

changed by much less than 5°C within the measurement chamber.
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Figure 3: Influence of ambient temperature change of only 5°C on device performance during 1SOS-L1
experiment at 1400 h. Without proper reporting one might interpret the kink as a drastic failure, which it
is not.

In case of temperature control as demanded for the laboratory weathering for ISOS-L2 and
ISOS-L3, the practical error margins within which the temperature may vary should be
documented as well. In general there should be as much information gathered as the
complexity of the experiment demands. In other words, in addition to the approximated
sample temperature, accuracy can be improved by reporting temperature values at additional
locations within the setup, both in the light and in the shadow.

The same should also be done for the relative humidity (RH), as this parameter is extremely
dependent on the ambient temperature. For example, 50% RH at 25°C in the room around the
ISOS-L testing setup corresponds approximately to 5% RH at 65°C within the ISOS-L testing
chamber.

As already presented in section 1a, knowledge of the artificial light source spectrum is
essential for reliable stability measurements. However, we propose that both the initial and
final spectrum of the lamp should be reported, and not only the initial spectrum as originally
stated in the 1SOS-protocols. In the ideal case, a continuous spectrum is recorded to follow

potential aging of the lamp itself. Whereas no temporal spectrum information is required for
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ISOS-L1, we suggest to apply this condition for ISOS-L2 & L3 testing, so that spectral
changes, especially in the UV, are accurately documented.

Whereas the original 1ISOS-protocols describe a “reasonable rule of thumb” for the voltage
range used in current-voltage (1) characterization, related to the open circuit voltage (Voc)
of the device ([-2* Voc, +3* Voc]), the exact voltage range applied is often not reported.
However, we have recently discovered a large influence of the applied voltage range on the

degradation behavior of organic solar cells, as shown in Figure 4.I"]
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Figure 4: Influence of the current-voltage characterization range on the degradation behavior of
PCDTBT:PC#BM organic solar cells, aged under 1SOS-L1 conditions. Reprinted with permission.[’]

Specifically large forward voltages (i.e. large currents leading to electrical stress) increased
the degradation rates considerably and even modified the form and the burn-in behavior.
Hence care should be taken when making conclusions on the burn-in or lifetime of devices,
since under normal operational conditions no forward voltages are applied. Thus, besides
other ambiguities, periodic IV-characterization, e.g. conducted every thirty minutes, during an
ISOS-L-experiment may result in an underestimation of operational lifetimes. In conclusion,
we consider it mandatory to report the voltage range used in IVV-characterization for better

comparability among experiments performed in different laboratories.
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Additionally, the maximum currents reached during IV sweep, the sweep rate, the duration of
a single measurement and the number of periodic measurements should be reported, as these
can further impact results from stability testing.

Finally there is no standard for reporting lifetime decay curves. Sometimes the temporal
development is documented by no more than 10 total data points for long term experiments
lasting 1000 hours or more. These may also include considerable scatter, making a statistical
assessment rather difficult. In order to yield statistically relevant information we therefore
recommend at least 100 measurement points combined with statistical information obtained
by averaging over a specified number of identical devices. The resulting decay curves then
enable the extraction of general trends for the degradation kinetics, thus allowing more
generalized conclusions. Furthermore, the presentation of all photovoltaic parameters instead
of only one — usually the PCE — increases understanding of the degradation behavior and
physical reasons thereof. Therefore we suggest to always present lifetime decay curves for all
photovoltaic parameters.

4 Bridging the gap between scientific and industrial evaluations
4.1  Focus of scientific studies

Progress on the understanding of the different degradation mechanisms occurring in OPVs
was initiated back in the 1990s.1®! Since then, the stability of OPVs has been greatly improved,
reaching outdoor lifetimes of several years.

In fact, together with the above, there are several high priority areas for short to medium

term research and development in organic photovoltaics. These include:

i) the development of large area, monolithic submodule architectures to reduce cost and
manufacturing complexity;

ii) the replacement of costly components such as the current transparent conducting electrode
materials (indium tin oxide) with lower cost alternatives;

iii) the creation of new low - cost barrier materials to improve module lifetime; and
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iv) the development of “thick junction” cells to reduce defect density and improve
manufacturing yield. These are the necessary elements for the organic photovoltaics
“Technology Roadmap” to move forward. Here we focus on some of the aspects regarding
lifetime.

Standards and protocols currently used for OPV stability analyses are defined based on
previous experience with Silicon solar cells, focused mainly on outdoor long-term module
applications.”! Nevertheless, as described above, next generation thin film photovoltaics such
as OPVs, but also DSSC or Perovskite solar cells, have the potential for other types of
application niches, and thus new and specific protocols for testing stability and lifetime are
required. The lessons learned from inter-laboratory collaborations® and round robin studies™
%101 have shown that since OPVs are in continuous development, a wide diversity of
materials, device configuration and device fabrication methods are used. This makes
comparison between similar OPV types highly difficult and general "rules-of-thumb" cannot
be easily generated. Even simple tests performed in different laboratories for similar devices
have often presented a large spread in results from ageing tests.l> 131 Also, the analysis of OPV
devices, degraded in a similar manner following the same ISOS protocols is not enough to
easily unravel degradation mechanisms since the application of combined characterization
techniques are usually required to understand degradation.[*? Attention should also be
directed towards the possible degradation pathways observed on devices fabricated at
laboratory scale in comparison with devices fabricated at large scale (e.g. printed or vacuum
roll to roll fabrication).[*3l Whereas laboratory cells are a way to analyse new concepts, new
materials or new architectures, large area devices can differ in their fabrication depending on
the requirements for flexible and low cost fabrication. For example, the use of solvents or
additives in large-scale fabrication can be highly different from what is used in the laboratory
as boiling point, substrate compatibility and annealing temperature will be limited to a few

materials.[** The inverted configuration OPV is probably the most employed for large area
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printing methods due to the lack of stable metal pastes for the back electrode (e.g. Al). The
same happens with barrier layers and ITO-free electrodes. Whereas the industrial protocols
have a precise sequence of tests and descriptions of what defines a failure, they are typically
not currently designed to understand the details of the mechanisms that lead to device
degradation over time in particular depth. The continual progress of scientific studies in
understanding these degradation mechanisms and the role of both the different photoactive
materials and their combinations (photoactive, contacts, barriers, etc), and the environment
(e.g. light, temperature, gas permeation) is thus extremely important in competing or bringing
a PV technology to the market. Of the new technologies (OPV, DSSCs and perovskites),
perhaps the OPV filed has been more active in not only carrying out studies but as we have
also seen in designing ad-hoc protocols. There is also a need to find methods where the 1ISOS
protocols and Standards can be applied regardless of the fabrication method of the device or
its architecture.

Recently, Corazza et al. reported a promising method to predict, categorize and compare the
lifetime of OPVs applying different ISOS protocols. OPV samples were fabricated applying
the same active layer material (P3HT:PCBM), produced using two processing techniques
(spin coating on flexible and glass substrates, and roll to roll slot dye coating on glass
substrates) and sealed with three different levels of encapsulation.!**! The motivation for
selecting the variability in the preparation of samples was to reveal the possible range of aging
rates for a single active layer material, and by doing so, establish relevant acceleration factors
for lifetime testing. The method allowed categorizing the level of performance of
P3HT:PCBM under different ISOS tests conditions regardless of the diversity of the device
architectures, as shown in Figure 5. The method was able to establish that P3HT:PCBM
devices with common encapsulation techniques show an average stable performance of up to
years under moderate test conditions (corresponding to ISOS-D-1 and D-2 storage) and only

up to weeks and months under harsh test conditions (ISOS-D-3, L-2 and L-3). It also allowed
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establishing acceleration factors for the different ISOS tests and the improvement factors in

stability after encapsulation.
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Figure 5: The o-diagram presenting the Tso (solid markers) and Tsso (open markers) values for all the
tested samples under different 1SOS tests conditions. The blue circles and the red triangles represent the
devices with and without encapsulation, respectively. The gray zone markers are the area in which the
devices are considered fully degraded (below 30% of initial performance). The arrow shows the data that
represents Trinal instead of Tso, which can be much higher. Copyright SOLMAT.[*!

The work reported by Corazza et al. presents a method that allows the analysis of the stability
of OPVs independently of issues not related to the active material itself, like the fabrication
technique or encapsulation. This report also provides a new insight into how future
methodology for analyzing the stability of OPVs (and other new solar cell technologies) can
be carried out. This presents great potential if this or similar methodologies can be used to
analyze more OPV materials (interfaces, electrodes) and fabrication methods (printing or
evaporation techniques) and correlate these with the effect on device lifetime. This, and

similar approaches, can clearly close the well-known gap observed between laboratory-scale
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OPVs and industrial-scale devices, and can pave the way to overcome the major difficulties in
crossing the internationally recognized "Valley of Death" for OPVs, defined as the period of
transition when a developing technology is seen as promising, but is too new to validate its
commercial potential and unable to attract the necessary funding for its continued
development.

Dye sensitized and perovskite solar cells may be considered to be in a similar situation even
though at differing levels of maturity. Common aim of all these technologies under
development is to understand what induces changes foremost in the electrical properties of the
PV devices but also to the mechanical, the physical and chemical properties of the various
layers and interfaces under ambient factors such as light, temperature, humidity and oxygen.
This is done with a combination of electrical, optical, morphological, mechanical and
chemically-sensitive techniques and associated modelling. Compared to OPV, the perovskite
field is still in its infancy™® but many considerations of the OPV can be applied to this new
field. There are significant differences, though. Most notable is the chemical stability of the
perovskite!*®l which can decompose into Pbl, and/or other components which are detrimental
to the stability of output power. The photoactive layer is susceptible to moisture, oxygen, UV
light and temperature with water being a major culprit for catalyzing decomposition.[*”]
Whereas perovskite devices do not typically contain a photoactive blend system as used in
OPV, the morphological and crystalline structure of the perovskite layer [*! does play a huge
role in the performance and stability of these devices. The top hole conductor also has a
strong bearing on performance both at the cell level ¥ and at the module level.?” Perovskite
solar cells can be found in two main architectures that both deliver high efficiencies: with and
without a mesoporous scaffold (typically made of titania or alumina). Early signs?*! show that
the presence of a nanostructured scaffold can have a significant positive effect on device
stability.[?? Furthermore, perovskites have been shown to suffer from measurement induced

hysteresis,?®! which needs also to be considered when designing measurement and stability
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protocols for this type of device. Recently, outdoor field data have also been reported?* on
hole-conductor-free PSCs based on a triple-layer architecture employing carbon as a back
contact as well as heat exposure during 3 months at 80—85 °C, which are encouraging.[?’!

Dye solar cells!?®! are electrochemical devices so the differences regarding stability are even
more substantial.l?”l The glaring one is the presence of a liquid electrolyte. It needs to be
contained inside the cell chamber which puts an onus on effective encapsulation, which not
only needs to keep oxygen and moisture out (since these can cause chemical changes to the
electrolyte together with UV light!?®! and the dye or its detachment, which makes hydrophobic
dyes more stablel?®), but also keep the corrosive electrolyte from seeping out (this limits the
current sustaining capabilities of the cells and can corrode the silver contacts of a module).
Thus effective encapsulants and barriers are required together with electrolytes with high
boiling point solventst% and stabilizing additives.®! The task is more severe when
developing devices on flexible substrates.?! Solid or quasi solid state DSSCs with polymeric
hole transporters or gel electrolytes have also been developed to increase stability.[**!
Electrochemical reactions occurring in reverse biased dye solar cells®* (as would happen to a
shaded cell in a module) can also lead to device failure if severe.*® Thus stability is achieved

via a combination of stable materials and effective encapsulation.

4.2 Focus of industrial studies

Durability, safety, quality, and reliability of the PV modules and systems are of paramount
importance to manufacturers as well as the whole PV value chain. Product failure or sub-par
performance can translate into poor reputation and commercial loss, which makes
stakeholders especially attentive to these issues.¢!

As outlined previously, for manufacturers wishing to qualify their thin film PV modules,
testing currently mainly goes through the IEC 61646 sequences. The IEC 61646 protocol

clearly states its objective in the first page, which “is to determine the electrical and thermal
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characteristics of the module and to show, as far as possible within reasonable constraints of
cost and time, that the module is capable of withstanding prolonged exposure in climates
described in the scope.”

It is interesting to understand the failure rates for these tests before analyzing how these
translate or find correspondence in outdoor field tests. Figure 6 shows failure rates related to
2000 certification projects for IEC 61215 and IEC 61646 type approval tests for the years
2002 to 2012 carried out by TUV Rheinland.*"1 A certification project is based on either IEC
61215 or IEC 61646 protocols, together with the safety IEC 61730 qualification. Two thirds
(67%) of the projects failed the criteria for new thin-film modules in 2007, likely a result of
many start-ups or companies newly entering the thin-film PV market using testing houses to
screen new product designs during development or their finished product for the first time. As
a result of manufacturers learning to better fulfil the IEC standards when constructing new
module types as well as on-going developments in the market, the failure rates decreased
significantly over the years. Remarkably, by 2012 the rate of failed IEC projects had dropped

to 10%.
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Figure 6: Annual percentages of IEC projects with at least 1 module test failure compared to the sum of
all IEC projects conducted by TUV Rheinland regarding both crystalline and thin film technologies.
Failure rates are related to 2000 certification projects for IEC 61215 and IEC 61646 type approval tests
for the years 2002 to 2012.7]

The trend of Figure 1 is indeed promising in showing how manufacturers are improving in the
production of module designs that are able to pass the IEC tests. Qualification tests, however,
have their limitations. This is immediately apparent from the text of the IEC 61646 protocol
which, after stating its objective (see above), immediately adds an important sentence: “The
actual life expectancy of modules so qualified will depend on their design, their environment
and the conditions under which they are operated.”

For this reason, outdoor field testing has thus played “a vital role in quantifying long-term
behavior and lifetime”, representing the typical operating environment for PV systems, and
the only way to correlate indoor accelerated testing to outdoor results.® Figure 7 shows the
degradation rates of thin film PV based on field tests reported in the literature during the last
40 years summarized by Jordan et al.l*! The median degradation rate was 1.0%/year whilst
the average was 1.5 %/year. These values were roughly double those found for crystalline
silicon, for which the median was 0.5%/year and the average 0.7 %/year. Similar results were
obtained by another study, for which the average annual performance loss rate of the thin-film
systems was 1.78%/year.3% A significant decrease in degradation rates for post-2000
installations can be noted compared to the pre-2000 counterparts although they are
statistically closer to 1%/year than to the safe 0-5%/year necessary to meet the 25-year
commercial warranties.*8 Thus, although these statistics show a positive trend, there is room
for continued improvement especially considering the fact that, in the future, the aim is to

extend the lifetime of PV systems beyond the 25 year mark.[“’]
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Figure 7: Histogram of reported degradation rates for all degradation rates for thin-film technologies,
color-coded by date of installation into pre-2000 and post-2000. Median, average, and number of reported
rates are also indicated.F8

The modules that have successfully passed the IEC qualifications “are much more likely to
survive in the field” as testified by a number of reports with very low field failures and
warranty returns and excellent reliability, mostly due to such testing.*t. However, recent
studies on degradation/failure modes of PV modules have shown that even the qualified
modules sometimes fail or degrade more rapidly than expected.[*? In fact, qualification tests
do have their limitations. They are successful in identifying early infant mortality problems,
but are neither designed nor sufficient for identifying and quantifying wear-out or degradation
mechanisms, or to quantitatively predict lifetimes. Also, they are not applicable to all climates
and system configurations.3 There has thus been a push for future qualification tests to be
more quantitative,> as described in the next section. For reducing risk and strengthening the
confidence in its products, the PV industry not only requires more predictive qualification
tests but it has also been recommended that they employ bankability testing programs. 2!
“Bankable PV” is a result of consistent manufacturing (ensuring quality of the product over
time), durable design, and system verification.[* Thus, a manufacturing quality assurance
guideline for defining factory controls and guiding inspections is proposed to become a part
[41b]

of the future certification process together with the qualification tests on the modules.

4.3  Connections between scientific and industrial studies
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As an initial route to bridge the gap between the IEC qualification and longer term testing,
harsher accelerated tests (i.e. significantly extending parameter ranges in individual tests)
have been proposed. The introduction of new tests such as salt mist and ammonia corrosive
testing has also helped in determining whether a product can withstand variations in local
environmental conditions across the globe. Hence, initiating field tests in specific climates is
important. 43!

The push of the industry and experts in the field goes towards designing more quantitative
accelerated tests which can estimate lifetime values for different deployments. The
availability of comparative test protocols that can differentiate PV modules according to their
durability is desirable. “A very important opportunity is to design future test standards to
facilitate learning about lifetime prediction.” which can also deliver a rating system
documenting the relative durability of the module to each type of stress.[*1°1 Such an effort
would require extensive coordination and participation from not only PV manufacturers and
testing houses, but also research laboratories and academia. This would improve the standard
qualifications so that they are able to better predict long-term performance for different
applications and climates.*3*! The process of designing new standards represents a
tremendous opportunity for scientific research to design tests and analyze data in order to
understand the science behind the observed degradation and failure modes and to come up
with tests which are more quantitatively predictive.

5 The burn-in effect
5.1 Definition of burn-in

“Burn-in” is generally considered to be the initial fast decay of device performance often
found specifically, but not exclusively, in polymer-based organic solar cells. The time scale of
the burn-in has been observed to range from several tens of hours 1, over a few hundred
hours[*®l to a few thousand hours.[” It is a prerequisite that after the initial burn-in, the solar

cell performance becomes more stable and decays at a slower rate. Otherwise, if the
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performance would decay directly to zero, the device would simply “burn-out”. Whereas the
burn-in should be normally governed by intrinsic effects that are inherently related to the
materials’ properties, impurities, blend morphology and the layer stack, a burn-out most
certainly will be connected to extrinsic effects, such as (photo-)oxidation of materials.

5.2  Analytical model to describe degradation and lifetime

Historically, the magnitude of the burn-in time has not been clearly and unambiguously
defined but is usually “arbitrarily defined by the user” via closely analyzing the decay by
eye.[l As this is a rather subjective approach, the burn-in time is not a well-defined parameter.
Here we would like to suggest the application of a biexponential function as a model which
allows the description of time-dependent changes in solar cell parameters and yields a
straightforward description of an objective burn-in time.”] In fact this approach has been used
in the past to fit performance decay,“® but to date it is not yet well accepted among
researchers, and here we will go one step further in defining the model for extracting device
lifetime. According to the biexponential fit of the device efficiency over time, the most
commonly observed degradation behavior can be described:

nt)=A-eV2 4+ B.e V™ )
Here, n is the device efficiency, but in principle it can also be any other photovoltaic

parameter which follows a more complex biexponential trend as well. A and B are the scaling
parameters for each exponential function. The sum of A and B should either be equal to the
efficiency at the starting time t =0 or unity, depending on whether an absolute or normalized

curve is fitted. 7, andr, are the respective time constants of the exponential decays.

In the following, we will provide an example reasoning the application of this model for
fitting the performance decay. It allows the evaluation of individual degradation behaviors of
the photovoltaic parameters, which can then be combined to obtain the PCE, i.e. as the
product of short circuit current density (Jsc), Voc and fill factor (FF) divided by the incident

light irradiance:
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Figure 8: Time progression of photovoltaic parameters of a device stressed in an 1ISOS-L-1 setup (black
dots), curves fitted to the parameters are represented by the red lines. Note that the minor changes
occurring for the FF and Voc at about 1400 hours are due to a temperature change and do not affect the
n.

In a first step, different fits for the time dependence of each photovoltaic parameter have been
applied as shown in Figure 8. In this example, FF exhibited an exponential decay with a

constant offset, a simple exponential fit was used for Jsc and Voc was approximately constant.

This yields the following fitting functions:

FF()= Ay €% +Cp ®)
‘]sc (t) = AJSC e (4)
Voc () = OV (5)
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Table 4: Fitting parameters gained from fitting the photovoltaic parameters shown in Figure 2 according
to Equations (3) to (5).

FF Jse Voc
Axx 136%  9.69 mA/cm?
Cxx 40.1% - 817 mv
o 12h
o - 4935 h

The respective parameters gained from fitting can be seen in Table 4. It is evident, both from
these values and the graphs in Figure 8, that FF decays most rapidly out of all parameters
during the burn-in period and that the loss in Jsc is primarily responsible for the long-term
loss in efficiency. This illustrates the potential of such a model to identify which photovoltaic
parameters are directly related to overall performance loss. To yield an expression for the
efficiency #, Equations (3) through (5) are then simply multiplied according to Equation (2),
and by assuming that 71 << 7, the calculation indeed results in a biexponential function as

described in Equation (1):

(AFF 'e_t/Tl +C|:|:)' AJSC 'e_t/TZ 'C\/OC

PCE(t) = >
_ AJSC 'CVoC . AFF ‘e—t/z-2 _e—t/z-1 + AJSC 'CVOC 'CFF ‘e_t/TZ (6)
P P
= A . e—t/T1 + B X e—t/r2

Table 5: Comparison between fitting parameters calculated according to (6) and acquired from a
biexponential fit of the n.

Parameter Calculated Direct fit
A 1.08 % 1.86 %
B 3.17% 3.36 %
T1 12h 6h
(7] 4935 h 8538 h

29



With this, the fitting parameters for the temporal development of the efficiency n namely A, B,
71 and 72 can be principally derived from fits of the individual photovoltaic parameters. The
calculated values are represented in Table 5, in comparison with values gained from a direct
biexponential fit of the efficiency decay. We note the agreement is only within a factor of two
specifically for parameter A and the time constants. One reason for this can be the
approximation of Voc as a constant, as this disregards the (slight) very fast voltage drop
occurring in the beginning. However, this example can be used for illustrative purposes as the
proper orders of magnitude are maintained.

Depending on the absolute number of acting degradation effects, manifesting themselves
within more or less complicated temporal progressions of the individual photovoltaic
parameters, the overall progression of the power conversion efficiency may span the range
between linear, mono-, bi- or even tri-exponential decaying behavior. Respectively, the less
complicated the temporal dependency of the efficiency is, the fewer simultaneously acting
degradation effects are present. If the temporal dependency of each photovoltaic parameter is
evaluated individually and the stress conditions are varied in addition, an improved
assignment of photovoltaic parameter decays to certain degradation effects can be obtained
and stabilization efforts can specifically be tackled.

Based on the knowledge of the main responsible stress factor for the long-term decay, and its
manifestation within certain photovoltaic parameters, either the prevention of this stress factor
or a lower sensitivity of the material system respectively layer stack by constructive
stabilization efforts may ultimately yield longer operational lifetimes.

Analytical determination of the burn-in time:

Such a biexponential function directly applied to the efficiency decay can then be used to
evaluate the burn-in time of fitted degradation curves as follows: Without loss of generality,

the first exponent of the fitting function (1) may represent the much faster decay assigned to
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the burn-in (71 << 7). This means that during the initial time regime of degradation, the first
exponential is mainly responsible for loss in efficiency.

We can now define that the burn-in has ended when this fast decaying exponential has
reached a negligible 1% of its starting value:

A-e 1 =0.01-A, )
the burn-in time T, can be calculated as follows:

T, =-7,-In0.01 (8)
Once the burn-in time Tj is defined, this enables the extraction of additional useful parameters

such as the operative lifetime of the device after stabilization, T, , from

0.8-7(Ts) = 7(Tsgo) ©)
(in accordance with Reese et al.[l). Assuming that the first exponential is negligible compared
to the second exponential after burn-in has ended (0.01-A << B), eg. (9) - in conjunction with
(1) - is simplified to

0.8-B-e /2 =B.g s»'%, (10)
Therefore, the operative lifetime Tg,, can be calculated via:

Tsgo =—7,-IN0.8+T (11)
For gaining practical information about the energy delivered by the solar cell over the
nominal lifetime T, , we define as a figure of merit, the “lifetime energy yield” (LEY): the
LEY of solar cells can be calculated by integrating fitted biexponential functions over their
operational lifetime up to Tz, and multiplying this value by the assumed incident intensity of

TSSO
1 kW/m2 under standard conditions (compare with [7-4%1), LEY = _[ n(t)dt - 1kW/mz2.

t=0

(12)
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This parameter allows the evaluation of the total energy yield over the nominal lifetime of a
photovoltaic device and thus combines the progression of efficiency over time and the
lifetime itself in a single handy parameter. For visualization, all derived parameters are shown
in Figure 9 for the example degradation curve discussed above. We obtain a burn-in time Ts

of 26 h, a Tsgo of 1931 h and a LEY of 58 kWh/m2.

. (o
4_/ S80 |

LEY

0 L 1 L 1 L 1 L 1 A 1 . 1 :
0 300 600 900 1200 1500 1800 2100
Time (h)

Figure 9: Example degradation curve with parameters calculated from a biexponential fit, marked: burn-
in time Ts, operational lifetime Tsso and lifetime energy yield (LEY).

5.3  Known and suspected stress factors causing a burn-in in OPV

Though not all causes of the burn-in are known, many of the factors that strongly influence
the burn-in behavior of polymer solar cell devices have been revealed. It should be stated here
that burn-in can occur in all photovoltaic parameters, however, generally the open circuit
voltage is only marginally affected. Key stress factors responsible for burn-in are either
remaining impurities within the photoactive layer, light and heat, whereas directly current-
induced effects such as electrochemical reactions at one electrode may play a minor role.
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Light is one key component in enabling the fast initial decay of device performance.[t? 50
Light enables photo-induced reactions within the active layer, such as the formation of sub-
bandgap states. These trap states can enhance loss processes like Shockley-Read-Hall
recombination, thus reducing hole mobility and building up a space-charge within the traps.
This leads to a reduction of the electric field responsible for the extraction of charge
carriers.>¥

Additionally, it is possible that residual oxygen within the active layer photo-oxidizes the
polymer and thus reduces device efficiency,>* 51 52 though Mateker et al. have suggested,
based on a calculation, that this is an unlikely cause in the case of encapsulated
PCDTBT:PC70BM solar cells as the concentration of residual oxygen in the photoactive layer
is usually lower than what would be needed to affect device performance as significantly as is
observed during burn-in.”*"*! However, in case the devices are exposed to air during
preparation, such effects cannot be prevented.[*5! It could also be shown that the oxidation of
not only the polymer, but of PCBM might be a relevant factor in promoting burn-in-like
behavior.[*!

Generally, the effects of burn-in seem to stem from reactions or morphological changes
within the photoactive layer rather than being dependent on electrode materials. For instance,
using polymers with higher crystallinity reduces the loss in open-circuit voltage observed
during burn-in due to reduced photo-oxidation and a smaller impact of charge carrier
recombination in degradation-induced traps.> Also, the impact of the burn-in on the
different photovoltaic parameters is highly dependent on the material system used in the
photoactive layer: While P3HT:PCgBM devices mostly show a decrease of short circuit
current and open circuit voltage, solar cells using PCDTBT:PC7BM show mostly a decline in
the fill factor during the first hours of operation.[6!

Since thermal stress has been shown to induce effects such as trap formation® and interfacial

segregation,™! this factor may play an important role in the improved understanding of burn-
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in. Furthermore it should not be disregarded that stress induced via I\VV-measurements
themselves can alter the course of the burn-in during degradation experiments.”! Depending
on the voltage ranges used to characterize the solar cells, increased currents introduce more
(thermal) energy into the devices, thus aiding the above mentioned mechanisms or fueling
morphological rearrangements in the photoactive layer that decrease device performance.™
This underlines the importance for reporting all experimental stress conditions as well as all
photovoltaic parameters (as described in section 3) in order to further understand the
underlying mechanisms.

The fact that the burn-in can be influenced via the active layer morphology is further
reinforced by the observation that photo-induced dimerization of the fullerenes within the
blend can already be beneficial for device stability in the first hours of degradation.[®
Additionally, it has been shown that the composition of the polymer, in terms of molecular
weight distribution, highly influences the burn-in phase.>! Solar cells with little to no amount
of short-chain PCDTBT showed a strongly reduced decay, which was attributed to a
significantly lower trap density. In agreement with earlier studies,® %81 this trap formation
may have to be assigned to morphological changes within the photoactive blend, indicating
that lower molecular weight fractions allow more morphological rearrangements either within
the polymer phase itself or due to increased fullerene diffusion and, hence, phase separation.
The intensity of the burn-in can thus be notably lowered by use of higher molecular weight
fractions of donor polymers and a stabilization of the active layer morphology, e.g. by
dimerization of fullerenes or functionalization of polymer side chains.[®! Whether continuous
phase separation or phase, respectively interfacial, segregation within the photoactive bulk
heterojunction should be accounted for in determining burn-in shall not be discussed here in
detail, as this may strongly depend on the extent to which phase separation occurs and

whether equilibrium can be reached. Continuous phase separation will contribute to long term
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degradation effects, whereas in case equilibrium is reached, it may only account for the burn-
in. However, more studies are required at present date to address these questions properly.

5.4  Suggested further studies to isolate the effects of burn-in in OPV

As many different factors can cause the observed burn-in, understanding their impact on
degradation and how they are correlated is important in order to potentially reduce the
significance of the burn-in on the performance of organic photovoltaic devices. For this,
further studies need to be conducted isolating and analyzing the influence of each factor
related to the burn-in.

As light and temperature play key roles, variations in light intensity and spectral distribution
as well as storage temperature should be investigated. By careful comparison of devices aged
under different temperatures in the dark and in the light, a better discrimination between the
impact of each stress factor may be obtained. Additionally, high energy UV-light in the
spectrum is expected to have a critical impact on the burn-in.

Furthermore, by varying the atmosphere under which the cells are encapsulated and degraded
and by studying reference non-encapsulated devices, the impact of oxygen on the burn-in
behavior can be more clearly determined.

Using the lessons learned from specific material systems, directed attempts for constructive
stabilization should be conducted. The goal is to minimize both short and long term
degradation so that stabilized performances can be obtained.

6 Long-term degradation effects
6.1  Definition of long-term degradation effects
Long term degradation effects dominate the performance loss after the burn-in period has

ended. Depending on the nature of the degradation mechanism, principally linear or
exponential decays are possible. Furthermore it is important to discriminate between intrinsic
and extrinsic effects, since the latter will be controlled by the quality of the encapsulation,

whereas the former is an inherent property of the material system and the layer stack used.
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Technically, long-term degradation rates can be quantified — at least in the case of a linear
decay — by a certain relative percentage loss occurring within one year of application or, when
accelerated lifetime tests are applied, by a percentage loss during 1000 hours of continuous
operation. In middle Europe about 1000 hours of sun shine are estimated to occur during one
year, so these values can be, with some limitations, approximated as equal.l*™ Values around
1% relative loss per 1000 hours of continuous operation or per year are considered good
values, as they are comparable to other thin-film photovoltaic technologies (as shown in
section 4.2 of this article) and indicate application lifetimes beyond 20 years.

However, care has to be taken when extrapolating operational lifetimes based on a linear
regression, as it cannot be taken for granted that the sealing will not fail during the
extrapolation. This issue is especially important for products ready for commercialization and
it must be ensured by additional characterizations that the sealing will withstand water and
oxygen ingress for the projected application lifetime. Furthermore it should be ensured that
the extrapolated operational lifetime does not exceed the testing time by an order of
magnitude, as such values may be technically questionable.

From the underlying mechanisms, it can be assumed that any linear decay during degradation
may scale with other linear stress parameters such as total amount of light absorption, total
amount of heat dissipation or total amount of current passing through the device. However, as
stated above, more complicated degradation effects, e.g. morphological changes inducing
photocurrent or fill factor losses, may result in more rapid, e.g. exponential, decay rates.

6.2  Known and suspected factors for long-term degradation in OPV

Contrary to silicon solar cells, organic photovoltaics (but also next generation hybrid solar
cells like Hybrid Perovskite solar cells) are characterized by their versatility in terms of
materials, device design and/or manufacturing processes. Therefore, an increased diversity of
device types also increases the variability of degradation pathways and therefore ageing rates.

For example, OPV devices with the same active layer mixture will degrade differently when
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fabricated in different architectures (inverted, normal),®® 5% or when different interface
materials are employed.[1% 478 \/ariability in stability is also observed if the same solar cell is
fabricated by different deposition techniques.[®® 1!l The fabrication of a set of identical solar
cells delivering the same power conversion efficiency is not a warranty that the same
degradation rates and pathways will take place, even when the same device materials for the
same solar cell configuration are employed.™*?l However, this is clearly assigned to
reproducibility issues during processing, and must be mitigated with further maturing of the
production technology. The encapsulation method and the encapsulation quality also play an
important issue in long-term stability.[®a 24

The basic environmental factors affecting solar cell stability are oxygen, humidity,
temperature and/or light.’®) Whereas oxygen and humidity are extrinsic stress parameters, the
temperature and light are understood as being of intrinsic nature, since they are inherent to
solar cell operation. Probably the most known and early studied degradation mechanisms in
OPVs are those induced by oxygen and/or water (humidity).[521 Oxygen can be photo-
activated by UV light and super oxides and hydrogen peroxide can be formed which may
degrade organic semiconductors in the device. The exposure to ambient air is also known to
invoke the diffusion of oxygen and water into the solar cells degrading organic materials.
Although very low percentage of humidity (below 30%) can be acceptable for solar cell
testing without encapsulation, the presence of oxygen will limit device lifetime. Thus,
encapsulation is always required for accurate stability analyses.

Light can affect device degradation depending on its intensity, spectral distribution, and
whether continuous or intermittent illumination is applied.[“®: %31 The effect of UV light is
especially harmful for any organic matter and organic solar cells are no exception. UV light
can also photo-activate semiconductor oxides applied as barrier layers in the devices resulting
in the degradation of the organic/oxide interface. (%4 When studying light induced degradation,

it may be desirable to use light intensities beyond one sun in order to accelerate the effects.
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However, even illumination at one sun is enough to increase solar cell temperature
considerably, an effect that will increase largely for higher light intensities. Hence it can be
challenging to distinguish between light- and temperature-induced degradation effects under
such conditions. However, via proper design of a cooled sample holder, temperature can be
regained as independent parameter,?% 851 allowing to isolate the effects of light on stability.
Temperature is an important parameter to consider in stability tests, it can also be used to
determine acceleration factors.[61 610661 Based on the assumption that the degradation process
under study follows an Arrhenius type model with an exponential rate equation, a decay rate k

has been defined to describe changes in device performance as a function of temperature:[¢]

)

k=A-e " (14)

where Ea is the activation energy for the process; R the gas constant; T the temperature and A
a pre-exponential factor. The expression for the acceleration factor AF obtained between two

different temperatures (T1 and T2) is then given by:

54+
AF =g "' 7 (15)
If we consider also two different irradiances (11 and I2), which have a linear effect as stated
above, we obtain:
AF - [Il_j.e[?(mﬂ (16)
This model can provide information on the rate of the degradation of OPVs induced by either
temperature or by light and temperature simultaneously, in the presence or absence of oxygen.
The degradation rate is related to mechanisms such as macromolecular chain scission and
crosslinking reactions, discoloration and bleaching of aromatic and vinyl polymers. These
mechanisms account for most of the degradation modes observed in OPV devices, including
encapsulated devices. Nevertheless, the model does not indicate additional accelerated

degradation arising from the individual or combined effects of water/humidity, generated
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photocurrent, temperature changes or the mechanical stresses resulting from exterior factors
such as wind, snow or hail 6701

The degradation factors described above depend on the materials used in the device: active
layer, barrier layers (hole and electron transport layers), and electrodes (metal and transparent
electrodes). The interface degradation between these different layers is also an important issue
for the stability of the solar cell.[®® Furthermore, as many studies clearly demonstrated and is
mentioned above, temperature plays an important role for inducing morphological changes
such as diffusion induced or domain coarsening controlled phase separation and interfacial
segregation.

The active layer is likely where many degradation mechanisms take place. The photo-
degradation of a large number of organic molecules (polymers), with or without the presence
of oxygen, was recently reported by Manceau et al., and a rule-of-thumb was suggested
relating chemical structure with sensitivity to light-induced degradation[®® (Figure 10). In
general, donor groups with side chain are the most susceptible to degradation while the most
stable are those without side chains. Moreover, the substitution of a carbon by a silicon atom
for attachment also increases materials stability.[1* 1 Another important issue is the
morphological stability of the active layer which can be stabilized by the use of block
copolymers or by cross linking.[’™ The use of block copolymers permits the design of
materials which spontaneously form the desired ordered structure.51® 7 In this approach, the
copolymers self-assemble depending on known types: coil-coil, coil-rod or rod-rod, where the
coil is a flexible polymer and a rod is a rigid crystalline polymer. However, while this
approach permits great variety of active material design, it presents the drawback that
optimization of the structure and the final photovoltaic properties is difficult and time
consuming. The use of crosslinking methods allow the incorporation of different active

groups into the polymer structure and a stabilized structure can be created.[® 7071
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Crosslinking of the fullerene is also possible and in both cases thermal stability of the final

active layer is improved.l’172
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Figure 10: Rule-of-thumb photo-stability ranking of donor and acceptor monomers for OPV polymers.
Reproduced with permission. Copyright Royal Soc. Chem.[5

The metal and the transparent electrodes are also prone to degradation. Several materials
within these two types of electrodes have been applied in OPVs: Ag, Al, Ca, Cu for the back
metal electrode and Indium and/or Fluor Tin Oxide for the transparent electrode.
Nevertheless, due to the scarcity of some of these materials, mostly among the critical raw
materials list of the EU,["® the need to replace transparent conducting electrodes made with
ITO or reduce the use of metals such as Ag, is required. Thus, the technology is showing a

tendency to move towards the application of ITO-free electrodes and the use of carbon-based
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back electrodes to replace metals. Concerning the pristine metals, the most important
parameter is their work function. Metals with lower work function are prone to oxidation
either by oxygen or also by water,[12¢: 453 47a 74{Andreasen, 2012#9] anq hence their replacement by
higher work function metals has been one major development target during the last decade.
This has often been connected with a change in device architecture, switching from less stable
“conventional” design to the so-called “inverted” architecture.l’””) Nowadays plenty of
different interlayer materials have been developed in order to allow using metal electrodes
with high work function to be applied for electron extraction.[’®!

The charge transporting layers (hole and electron transport materials), as well as interfaces
between charge transport layers and the active materials, are important components of OPVs
that can yield enhanced solar cell stability. Several electron and hole transport layers are used
in OPVs. The most studied hole transport layer is PEDOT:PSS, while ZnO has been
established as the most promising electron transport layer due to its ease of fabrication and
compatibility with solution processing printing methods. However, the hydrophilicity and
hygroscopy of PEDOT:PSS is made responsible to be the cause of device failure and
limitations in lifetime. Further suspected factors for degradation are the high acidity of water
based PEDOT:PSS," giving rise to the development of water-free and neutral PEDOT:PSS
dispersions. The use of oxide semiconductors as charge transporting layers have shown to
deliver similar or enhance device efficiencies and enhanced lifetimes due to their reduced
sensitivity to humidity.[7 7l

7 Catastrophic failures

Typical consensus on what constitutes a “failure” in photovoltaic devices involves three
descriptions:[4]

« catastrophic (no or negligible power output),

» power or efficiency loss beyond a defined value or limit,

« issues arising which render the device unsafe.
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From the perspective of different applications (e.g. building- or textile-integrated PV), other
parameters which may not lead to failures in electrical or mechanical performance (e.g.
aesthetic variations over time) may also be a consideration.

Manufacturers of PV modules offer warranties which include “repair, replace, or refund
warranties” which cover defects in materials or workmanship and “Lost power replacement
warranties”.*3*! Currently, manufacturers typically offer the latter type warranties over a time
span of 20 to 25 years with threshold values in power output of 90% after 10 - 12 years and of
80% at the end of the warranty, corresponding to an average loss of < 1% per year compared
to the specified power output rating.

Ultimately the lifetime of a module remains application- and user-specificl’® and thus is also
technology dependent. For example, DSSCs have been shown to deliver impressive
performance under low level or indoor light conditions.®®! For this reason, commercial
flexible DSSCs have entered the market to power electronic products indoors and the
specified lifetimes for these are targeted to the less stressful environment!®? 81 compared to
the outdoors, and are of the order of years rather than decades. These are similar to the user
life spans of the commercial electronic products they are integrated in.

As described in the initial sections of this manuscript, protocols based on accelerated stress
tests have been implemented both at the scientific level for organic PV for example ™! and at
the industrial/commercial readiness levels (e.g. the IEC standards 61646 standard). Whereas
the ISOS protocols are not focused in the definition of failures, the IEC type tests are instead
specifically aimed at qualifying a PV device and thus lay out pass/fail criteria in detail. Since
new technologies such as organic, DSSCs and perovskite cells do not have their own criteria,
the IEC 61646 'Thin-film terrestrial photovoltaic (PV) modules —design qualification and type

approval’, test can be clearly specifies what are considered failures.
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A module design is judged to have passed the qualification tests, and therefore, to be IEC type
approved, if each sample meets the specific requirements of the individual tests and all of the
following criteria (otherwise it is considered a failure):[t 7%

* power losses are within the maximum acceptable limits

* No open circuits occur during testing

* Dry and wet insulation tests remain within the set limits

* No major visual defects, such as cracks, bubbles, delamination or distortion are visible.
The criterion for the IEC 61215 used for c-Si modules and older versions of the IEC 61646
proscribed to maintain degradation of Pmax Within -5% after the single tests and -8% after the
sequence of tests. As specified in section 1, the current IEC 61646 test “no longer relies on
meeting a plus/minus criterion before and after each test”, but rather on reaching a stable
power output during a light soaking test (subsequent to the completion of all test sequences),
which needs to be no less than 90% of the minimum power rating specified by the
manufacturer. “This eliminates the technology-specific preconditioning necessary to
accurately measure the changes caused by the test.”!]

The types of failures that have been observed in PV modules are diverse as listed in various
literaturel*3 81 and a number of common ones are summarized in Table 6 with their main

cause (e.g. accelerated stress tests).

Table 6: Common failures in thin film PV modules and their main causes (e.g. IEC 41646 tests).

Irradiation (mainly UV) Delamination, encapsulant degradation,
discoloration, photo-oxidation, degradation of
cell materials and contacts, light-induced
degradation,

Damp heat tests and humidity Corrosion, delamination, encapsulant
degradation, chemical changes in cell

materials and their contacts, morphological

43




changes, damage to external components (e.g.
junction boxes), edge sealant failure,

moisture induced degradation

Temperature cycling

Impact of different thermal expansion
coefficients, delamination, loss of
encapsulant adhesion, cracking,
interconnection breakage, delamination,
morphological changes in active layers, bond
failures, module open circuits leading to
arcing, damage to external components (e.g.
junction boxes and module connections),

annealing instabilities,

Humidity Freeze

Delamination, Inadequate edge deletion,
damage to external components (e.g. junction
boxes), degradation or breakage of

interconnections, corrosion

Mechanical Tests

Structural failures, broken glass, failures to
electrical connections and bonds

Hot spot and bypass diode tests

Hot spots induced degradation, shunts,

bypass inadequacy or failure, overheating

Degradation due to currents and voltages

lon migration, changes in electronic structure
(traps etc.) of materials and interfaces,
electrochemical corrosion, potential-induced

degradation,

Dry and Wet Insulation Resistance

Delamination, Ground faults, Electro-

Corrosion, edge seal issues

Even though a few industrial outfits have claimed the successful passing of individual IEC

61646 tests for dye sensitized and organic PV,E! due to the immaturity of the field there has

been no report on collection of statistics regarding failures for the new technologies being

developed. Thus we must look at what causes major failures in commercial thin film PV

modules (i.e. a-Si, CdTe, CIGS, see above).
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Figure 1 shows the breakdown of which tests caused projects carried out by TUV Rheinland
laboratory between 2006 and June 2013 to fail. 43% of all thin-film module IEC 61646
approval tests failed during the four environmental tests which were carried out in the climate
chambers (marked in blue in Figure 11), i.e. 50 and 200 cycles of thermal cycling, humidity
freeze and the damp heat tests. The damp heat test in fact represented by far the single test
that induced most failures (22%).7]

Scientific studies have shown the large role humidity plays in the degradation of OPV, DSSCs
and perovskite solar cells, together with photo-oxidation, so there is no reason to believe that
things will be substantially different for these new technologies aiming to compete in the PV
field especially if developed or encapsulated on glass. For flexible PV, where porosity of
plastic substrates makes the ingress of gasses more rapid for example, it is likely that these
tests will be even more critical for organic or hybrid technologies. Thus, it is important that
both the ISOS tests and the IEC tests be carried out more systematically to identify weak
points where both the scientific and industrial community can contribute to bring stabilities to
those required for applications and deliver devices which can be successfully qualified with
the IEC standards until new standards are set for the future. As expressed by the IEA report,
“The climate chamber tests are a good indication of the longevity to be expected, the quality

of the materials, and the workmanship of the products”.F7]
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Initial measurements
Thermal cycling test, 200 cycles
10% - 129% Damp heat test
1% 1% = Humidity freeze test
10% ™ Thermal cycling test, 50 cycles
18% » Hot-spot endurance test
Mechanical load test
Mechanical load test (5400 Pa)
S 2% = Cut susceptibility test
Bypass diode thermal test

Reverse current overload test

Light induced degradation
All other tests (< 3%)

Figure 11: Distribution of failed tests for crystalline PV modules (inner ring) and of 370 IEC projects for
thin-film PV modules (outer ring) between 2006 until June 2013. A test is considered a failure, if one or
more PV modules will not pass the specific test. Figure extracted fromt*’]

8 Practical value of stability studies and lifetime numbers
8.1  The advantage of comparability among different labs

Reliable lifetime estimates are necessary for emerging photovoltaic technologies approaching
the market. This means that, on one hand, protocols with high comparability for quantifying
device stability must be established and applied between laboratories. On the other hand,
environmental conditions for future applications must be clearly identified, so that relevant
factors corresponding to performance loss under operational conditions can be mitigated.

This is a complex challenge, as factors leading to performance loss over time are codependent,
making it difficult to isolate singular mechanisms leading to device degradation and failure.
The range of conditions under which stability studies are performed must be considered

carefully when comparing lifetime estimates from different laboratories.
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The need to create awareness in the community about enhancing the comparability from
stability studies has been well recognized by the OPV community with large coordinated
efforts.[-> 120.821 While these studies define relevant parameters for gauging stability and
lifetime in organic photovoltaics, they also reveal that tests performed on the same device
architectures in different laboratories under seemingly similar conditions can lead to vastly
different estimations for performance lifetimes. This highlights the importance of recognizing
and accounting for the cross-correlations between individual factors leading to age-induced
performance loss.

8.2  Accelerated aging: validity and limits

In assessing the lifetimes of thin film solar cells there are no clear standards which define the
conditions under which testing should occur. Solar cell lifetime is limited by a multitude of
factors relating to the mechanical properties of the module, the structural stability of the active
layer, the intrinsic chemical stability of the materials and interfaces and the degradation of
materials and interfaces in the presence of ambient factors such as humidity and oxygen.[®! In
order to identify key degradation and failure mechanisms and estimate device lifetimes,
researchers will perform studies to differentiate between the stability of the component
materials used to fabricate the solar cell (Durability) and the lifetime of the product as a
whole, which is limited by individual component failures (Reliability).[°1 To this end, it is
important to differentiate losses induced by extrinsic ambient factors and those resulting from
intrinsic instabilities of materials and interfaces.[®* Accelerated ageing tests are applied to
identify and study the selected failure mechanisms by testing cells and modules under
specified conditions. Common conditions applied in photovoltaics may include elevated
temperature, repeated power cycling, increased humidity, extended irradiation and mechanical
stress.

Accelerated ageing tests monitor the failure of specific components in the device, and

extrapolate the lifetime by applying a model to predict performance loss over longer time
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scales. This approach strongly relies on the assumption that the decrease in performance is not
influenced by additional factors, follows the predicted trend from the model, and that failure
of other components in the device do not occur on a faster time scale than the effect being
studied. Additionally device burn-in, which can vary strongly between device architectures,
must be accurately accounted for in the data to minimize the error in lifetime estimates.[""]

In the case of encapsulated devices, barriers and sealing will increase device stability on the
short term. On the longer term the complex behavior of oxygen and water permeation through
barrier layer will occur, and lead to rapid degradation. This can lead to an overestimate of
lifetimes if not accounted for.[%]

8.3  Barriers and sealing: lag time versus equilibrium

Generally, unencapsulated organic solar cells have lifetimes which are in the range of minutes
to days.[% 474 The most common degradation pathways are rapid photo-oxidizing of the
active layer when exposed to light and ambient oxygen®? 81 and corrosion of the contact
interfaces by oxidizing agents such as water vapor.[*> 887 For perovskite solar cells,
encapsulation is an important aspect, as well, as the photoactive materials, such as methyl-
ammonium lead iodide, hydrolyze in the presence of water, leading to a decomposition of the
perovskite.['81 While the ingress of water and oxygen can also activate certain degradation
paths in the case of solid-state DSSCs, the leakage of electrolytes and evaporation of solvents
out of the classical dye-sensitized cells also poses a large problem with respect to their
stability,?"3 thus making proper sealing a necessity. In the field of organic light emitting
diodes (OLED:S), it is generally accepted that a barrier must have a water vapor transmission
rate (WVTR) of around 10°® g m day*.1% Some studies have shown that some organic solar
cells are less sensitive to water vapor than OLEDs, and WV TR which are 1000 times higher
may suffice.[88 8 Stjll, realizing WVTR of this quality requires barriers with a low defect

density, [ which can increase costs.
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The importance of barriers and sealing to prevent the penetration of ambient oxygen and
water into the device has been widely recognized. In addition to protecting the solar cell, a
good barrier should be transparent to allow light into the cell, flexible and light weight, and
low cost.

One approach which is commonly applied to circumvent high cost is to apply multi-layer low
cost barriers. This leads to an initial improvement in device stability due to retarded WVTR
values. However, these initial WVTR are much lower than the equilibrium WTVR values
associated with each layer of encapsulation. Graff et al.[%8] demonstrated the importance of
considering lag, or breakthrough, time of water vapor in such multi-layer encapsulation
structures. Initial WVTR values are lower due to the long diffusion rates of water vapor
between different encapsulation layers, however once water vapor has permeated the
encapsulation the WVTR suddenly rises.[*®l Over a longer time scale, multi-layer
encapsulation strategies result in the same water permeation as single layers. This effect is
shown by the schematic in Figure 12.1°1 While the multi-layer encapsulation introduces a
long lag time, but at longer time scales the WVTR is the same in both structures. This effect
was also demonstrated by Hermenau et al.[®! while testing different encapsulation materials

on small molecule solar cells.
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Figure 12: Schematic of water vapor transmission through a single layer (blue) and multi-layer (red)
barrier. The top figure shows the WVTR and the bottom figure shows the total amount of water which
permeates the barrier. Reproduced with permission from [,

For accurate lifetime estimates of encapsulated devices, a detailed understanding of the lag
time for permeation of gases into the encapsulation is required, along with the equilibrium
WVTR values of each layer of encapsulation.

8.4  Cross-correlation between different lifetime values

It is convenient to extrapolate specific lifetime values based on accelerated stress tests,
however, care has to be taken when these values are used in the context of commercialization
of the photovoltaic technology. After production, the photovoltaic device will first have an
inactive rest period until sold and installed. The shelf lifetime and the operational lifetime
cannot simply be combined to determine the application lifetime. This is specifically true if
the sealing constitutes the limiting factor for lifetime, as the process of water and oxygen
penetration will start right after the production. Generally, there will be variability in the
history and storage times of devices once they reach the application stage, and thus the lag
time through the barrier will influence the resulting application lifetime. This is an important

point to consider when interpreting the results from accelerated aging tests. Furthermore and

50



as pointed out above, the by accelerated testing determined operational lifetime cannot be
simply transferred into an application lifetime when the lag time is considered as well Hence,
precise knowledge about the dynamics of water and oxygen ingress has to be gained by
sophisticated tests under controlled ambient conditions in order to correlate estimates for
device stability under storage and application conditions. Furthermore, due to the humidity
and temperature dependence of reactant ingress, the exact location and its climate will play an
important role. Thus, the detailed specification of the barrier properties is mandatory to enable
realistic lifetime predictions for specific application conditions.

8.5  The significance of testing conditions for practical use: indoor versus outdoor

One of the major advantages offered by organic and hybrid photovoltaics is the possibility to
create flexible modules for novel applications not possible with conventional photovoltaic
technologies. This point, however, makes it challenging to define the relevant operating
conditions and therefore identify the stress factors which will play a role in determining the
device lifetime. In the case of mobile applications, the light intensity and ambient conditions
can vary considerably in the lifetime of a single module, and significant differences in
operating conditions will also occur between modules depending on location and use. For
example, the mechanical stress associated with daily handling and transporting, as well as
irradiation is difficult to predict. The broad potential for application conditions therefore
complicates the task of defining lifetime values further.

In the literature, stability testing on organic solar cells is primarily performed under simulated
sunlight in indoor testing conditions and outdoor tests are less common.®! One of the Round
Robin studies showed that the spectral distribution of the light sources used for illuminating
the solar cells were a significant factor in determining device stability.”® In a later Round
Robin study, outdoor testing was performed at different geographic locations.®?! It was found
that although the solar irradiation varies strongly between locations, there were less deviations

in performance observed than in the indoor studies. This may also have to do with the
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optimized method developed for transporting the devices for the outdoor studies. However the
results from the Round Robins demonstrate that there are still a number of open questions
regarding which (combination of) parameters are significant in determining solar cell stability.
The work done to date in the OPV community has been very successful in defining controlled
conditions to perform stability testing. Equally important, the results of these large scale
efforts have also revealed the complications involved in extrapolating accurate lifetime

estimations.

9 Conclusion
Presently, a multitude of appropriate testing protocols exist, which were defined to better

understand reliability, durability and stability as well as lifetime of thin-film photovoltaic
devices. Specifically the OPV community spent the last few years establishing reliable and
comparable testing protocols and stress parameters for determining device stability and
extrapolating lifetimes. Many of the insights gained here will be valuable for more emerging
technologies such as the field of perovskite photovoltaics, where reports on inconsistency in
measurement results, stability and degradation indicate analogous issues regarding the
requirement for comparability between laboratories. Hence, the points discussed in this
review on the challenges involved in defining appropriate stability tests are expected to be
relevant in a broader context. We distinguish between the aims and applicability of the IEC
61646 and I1SOS protocols. Whereas the IEC 61646 was designed for certification of safety
and reliability of a commercial product leading to qualification for entering the market, the
ISOS-protocols constitute a useful collection of tests intended to improve the understanding
of critical degradation effects in solar cells during their development phase, prior to
commercialization. Furthermore, the ISOS protocols enabled a wide scale comparison of OPV
lifetimes between different research labs, which lead to considerable progress in the field

towards understanding and improving stability. Since development of the protocols, important
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issues relating to subtle differences in testing conditions between the labs have been identified.
These include the temperature of the device during testing and the light spectrum applied.
Hence the revelation of specifically these and few other potentially relevant testing
parameters with high precision may further help to steepen the learning curve for improving
the general stability of novel thin-film solar cells. For example, reporting also all photovoltaic
parameters as a function of time instead of only the efficiency will lead to an accelerated
knowledge gain about critical degradation pathways. The combination of diverse and well-
defined testing conditions will reveal important information about acceleration factors, and
application or storage dependent lifetimes, paving the way to reach technological maturity and
readiness for the market. In conclusion, the extended 1ISOS-protocols will serve as an enabling
step towards developing a photovoltaic technology, whereas the IEC tests will ultimately
qualify a final product.
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