This is the submitted version of the following article:

Meitzner R., Faber T., Alam S., Amand A., Roesch R., Buttner
M., Herrmann-Westendorf F., Presselt M., Ciammaruchi L.,
Visoly-Fisher 1., Veenstra S., Diaz de Zerio A., Xu X., Wang E.,
Mdaller C., Troshin P., Hager M.D., K6hn S., Dusza M., Krassas
M., Zufle . Impact of P3HT materials properties and layer
architecture on OPV device stability. Solar Energy Materials and
Solar Cells, (2019). 202. 110151: -.
10.1016/j.solmat.2019.110151,

which has been published in final form at
https://dx.doi.org/10.1016/j.solmat.2019.110151 ©
https://dx.doi.org/10.1016/j.solmat.2019.110151. This
manuscript version is made available under the CC-BY-NC-ND
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/




Impact of P3HT Materials Properties and Layer Architecture on OPV Device Stability

Rico Meitzner®?, Tobias Faber®, Shahidul Alam*?, Roland Roesch'?, Mathias Blittner®, Felix
Herrmann-Westendorf*, Martin Presselt»+1%2°, Laura Ciammaruchi® ", Iris Visoly-Fisher, >®
Sjoerd Veenstra’, Amaia Diaz de Zerio®, Xiaofeng Xu®, Ergang Wang®, Christian Muller®, Pavel
Troshin® % Martin D. Hager »2, Sandra K6hn*?, Michal Dusza*®*', Miron Krassas*?, Simon
Zufle!®’ E. Kymakis!?, Eugene A. Katz>®, Solenn Berson?3, Filip Granek!°, Matthieu
Manceau®?, Francesca Brunetti,Giuseppina Polino*!8, Ulrich S. Schubert'?, Monica Lira-
Cantu®®, and Harald Hoppe!*?

! Center for Energy and Environmental Chemistry Jena (CEEC Jena), Friedrich Schiller
University Jena, Philosophenweg 7a, 07743 Jena, Germany

2 Laboratory of Organic and Macromolecular Chemistry (IOMC), Friedrich Schiller University
Jena, Humboldstrasse 10, 07743 Jena, Germany

3 Institute of Physics, Technische Universitat 1lmenau, Weimarer Strale 32, 98693 limenau,
Germany

4 Institute of Physical Chemistry (IPC), Friedrich Schiller University Jena, Helmholtzweg 4,
07743 Jena, Germany

® Department of Sol. Energ. and Environmental Physics, Swiss Inst. for Dryland Environmental
and Energy Research, J. Blaustein Institutes for Desert Research, Ben-Gurion University of the
Negev, Midreshet Ben-Gurion 8499000, Israel

®lIse Katz Institute for Nanoscale Science and Technology, Ben-Gurion University of the Negev,
Beersheva 8410501, Israel

" ECNJ/Solliance, High Tech Campus 21, 5656 AE Eindhoven, The Netherlands

8 Department of Chemistry and Chemical Engineering, Chalmers University of Technology,
41296 Goteborg, Sweden

% Skolkovo Institute of Science and Technology, Nobel st. 3, Moscow, 121205, Russia

% |IPCP RAS, Semenov Prospect 1, Chernogolovka, 141432, Russia.

O\Wroclaw Research Centre EIT+, Stablowicka 147, 54-066 Wroclaw, Poland

1 Institute of Low Temperature and Structure Research, Polish Academy of Science, Okolna 2,
50-422 Wroclaw, Poland

12 Center of Materials Technology and Photonics, Electrical Engineering Department, School
of Applied Technology, Technological Educational Institute (TEI) of Crete, Heraklion, 71004
Crete, Greece

13 CEA, LITEN/DTS, Laboratoire des technologies pour les Modules Photovoltaiques, Savoie
Technolac, BP 332, 50 Avenue du Lac Léman, 73377 Le Bourget-du-Lac, France

14 CHOSE (Centre for Hybrid and Organic Sol. Energ.), Department of Electronic Engineering,
University of Rome Tor Vergata, Via del Politecnico 1, 00133, Rome, Italy

15 Catalan Institute of Nanoscience and Nanotechnology (ICN2), Campus UAB,

Bellaterra, 08193 Barcelona, Spain

16 Institute of Computational Physics, Zurich University of Applied Sciences (ZHAW),
Wildbachstrasse 21, 8400 Winterthur

" Fluxim AG, Katharina-Sulzer-Platz 2, 8400 Winterthur, Switzerland

18 Center for Advanced Biomaterials for Healthcare, Instituto Italiano di Tecnologia, 80125 Italy
19 |_eibniz Institute of Photonic Technology (IPHT), Albert-Einstein-Str. 9, 07745 Jena, Germany
20 sciclus GmbH & Co. KG, Moritz-von-Rohr-Str. 1a, 07745 Jena, Germany

1



Abstract

We report a cooperative study conducted between different laboratories to investigate organic
solar cell degradation with respect to P3HT material properties and different solar cell
architectures. Various batches of P3HT were collected from different suppliers reflecting
commercial availability as well as properties variability. Among the materials properties
explicitly considered were the molar mass, dispersity, regio-regularity, impurities by trace metals
and intrinsic doping evaluated from radical concentrations. Each of the participating laboratories
contributing test devices applied their own layer stack, i.e. their own device architecture and
layout. This variation was appreciated as another parameter for evaluation. Even though a large
amount of devices failed due to extrinsic degradation effects, indeed, some materials properties
were found to be more important than others for obtaining long lifetimes and high stability of
P3HT-based polymer solar cells.



1 Introduction

With increasing depletion of fossil fuels and growing strain on the environment due to emission
of greenhouse gases and thereby accelerating global warming, it is necessary to switch to more
renewable and sustainable ways of energy generation. As the most abundant renewable energy
source on earth is sunlight, a very attractive technology for providing of sustainable energy is
photovoltaics. Of these a very interesting subcategory is represented by organic photovoltaics
(OPV) with its ability to rely on abundant materials, being easily scalable and bearing the
potential of very high speeds in roll-to-roll processing.

Recently a significant progress was made in this field with regards to efficiency and stability.
Power conversion efficiencies of 13-14% were obtained in single junction, bulk-heterojunction
organic solar cells (BHJ OSC)'? and operational lifetimes in the range of 10 years®® were
estimated on the basis of exclusively intrinsic degradation processes. Roll-to-roll processed
flexible modules have already demonstrated outdoor stabilities of several years®. While this is
very encouraging and promising, more understanding is required in terms of how materials
properties impact the device stability.

Various published reports demonstrated extrapolated operational lifetimes of OPV for several
years*>7811 A recently published review®®° revealed an increase in publication activities on
OPV stability research and an increase in average reported lifetimes over the recent years, clearly
demonstrating progress in the field. The observed experimental lifetimes range up to 2 years®'°,
when no extrapolations to Tgo (corresponding to efficiency drop to 80% of the initial efficiency
value) or Tsgo (corresponding to efficiency drop to 80% after stabilization) were considered!*?,

An important factor to be taken into account when evaluating the lifetime of an OPV device is the
so-called burn-in phase. The burn-in is described as the initial rapid decay of the solar cell
performance followed by a stabilized performance’!. In some more recent reports devices
seemed to show no burn-in”!3, but even with a burn-in, very long lifetimes are attainable®. After
all, a limited performance loss during burn-in does not harm long-term energy harvesting if the
performance decay thereafter is very low.

In general, degradation can be divided into intrinsic and extrinsic mechanisms®'4°. Extrinsic
mechanisms are those that can be avoided by a proper sealing of the device. Most common
examples are photo-oxidation due to oxygen ingress'®’ and electrode corrosion from ingress of
moisture'®. These modes of degradation can be successfully prevented with a robust
encapsulation of the device and they can be further alleviated by an inverted solar cell
architecture, where low-workfunction metals®, which are prone to corrosion due to oxygen or
moisture ingress, can be avoided. Intrinsic mechanisms, however, cannot be prevented by
employing encapsulation, as they originate from the materials used in the solar cell layer stack,
and are triggered by unavoidable factors such as temperature (heat)>!%? and electromagnetic
radiation (including UV-light)?:%3, Some examples are an increased phase separation of donor
and acceptor in the active layer blend?*, the formation of traps and increased energetic
disorder®>?, the formation of fullerene dimers?”-?® and electro-migration of e.g. silver from
printed electrodes®®. Charge transport layers may also induce effects leading to degradation, e.g.
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doping of the photoactive layer via MoO3®"2, Furthermore, impurities inherently connected to
the materials used, e.g. remnants from synthesis such as catalyzing agents (metal impurities) or
low molar mass components may also be responsible for electronic trap formation33-3°,

Besides the mentioned doping effect, transport layers degradation can also have a large impact on
the overall stability of organic solar cells**°. Degradation of the transport layers or of their
interfaces can induce an extraction barrier to charge carriers®. Transport layers can be quite
diverse, ranging from small molecules to polymers to amorphous or nanocrystalline metal oxides
to hybrids of these materials®*. A commonly used hole transport layer, PEDOT:PSS, is well
known to be a potential weak point for stability, due to its hygroscopic and acidic properties®*2,
Metal oxides have become very common as transport layers due to their capability to be solution
processable3® and their rather good stability®43-4°,

The most commonly studied material in OPV is poly(3-hexylthiophene) (P3HT)*, as it is
relatively cheap to produce and readily available in kilogram amounts, due to easy synthetic
upscaling®’. In order to enable wide comparability among the researchers working in the field, in
this study solar cells based on the classical material combination P3HT:PCBM ([6,6]-phenyl-Ce1-
butyric acid methyl ester) were explored under variation of P3HT batches in order to assess the
impact of the material parameters of P3HT on device stability. Five labs were involved in
providing solar cells according to their optimized layer stack architecture and device layout,
constituting the second parameter space.

The phase behavior of P3HT:PCBM blends is not only controlled by miscibility, which is
strongly enhanced in amorphous P3HT domains, but also by the ability of each of the two
constituents to crystallize. Upon prolonged heating this may lead to crystallization induced large-
scale (micron-sized) phase separation. Hence material purity and regio-regularity are expected to
play an important role concerning morphological stability*34°, For P3HT:PCBM solar cells also a
minor voltage loss during burn-in has been observed, which was assigned to the formation of less
ordered phases®.

P3HT with higher regio-regularity is reported to be relatively stable against photo-oxidation, as
crystallinity hampers both the in-diffusion of reactants (oxygen) as well as conformational
changes required for oxidation®“®. Molecular weight does not always seem to have an impact on
photostability*®, but certainly impacts the crystallization temperature®. Though there are
conflicting reports about other polymers as PCDTBT? and PTB7°2 where a higher molar mass
resulted in a longer lifetime, this can be most likely associated to smaller electronic trap
formation at chain ends. A higher glass transition temperature (Tg) or a higher melting point (Tm),
as described by the dispersity (PDI), were reported to exhibit a positive impact on thermal
stability?**3%¢, Countermeasures against morphological degradation include the application of
polymers exhibiting higher T4, the application of phase-locked diblock-copolymers®®, acceptor
alloys®®%° as well as crosslinking of organic semiconductors®:-64,

Furthermore, trace metals in the active layer could catalyze reactions or act as traps and therefore
as recombination centers. Several reports®*% mention the impact of impurities on device
performance — and hence studying their impact on stability is required.



Finally, upon analyzing all results, several recommendations could be derived for obtaining long-
term stability with organic solar cells based on P3HT and potentially beyond.

2 Experimental

Five different commercial P3HT samples were acquired from 1M, BASF, Merck, Plextronics and
Rieke Metals Inc. and named P3HT-I through P3HT-V, without following the producer order
above. Commercial P3HTs were chosen to study the viability of these materials available from
suppliers broadly used labs within the OPV community. Their intrinsic properties were evaluated
in detail via chemical, thermal and optical analysis. Thus their properties, reported in the results
section, are the only parameters to enter into the evaluation. PCs1:BM of 99% purity or better was
used in all cases for the suppliers of the used PCs1BM see Table 2.

In Figure 1 the procedure of the initial experimental phase, including ordering and distribution of
P3HTs, manufacturing of the solar cells and characterization, is depicted. Chemical
characterization including H nuclear magnetic resonance spectroscopy, size exclusion
chromatography, induction coupled plasma optical emission spectroscopy, electron spin
resonance spectroscopy, thermal characterization like differential scanning calorimetry and
thermogravimetric analysis, as well as optical characterization methods like UV/Vis spectroscopy
and photothermal deflection spectroscopy, were performed. Additionally, electronic
characterization including current-voltage (IVV) and external quantum efficiency (EQE)
measurements, as well as different characterization methods performed with PAIOS by Fluxim
(see section 2.7.3), were done. The results of these experiments are reported in Sections 2.6 and

2.7.
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Figure 1: Schematic of the experimental proceedings before aging.

5



In Figure 2 the experimental procedure after cell manufacturing and initial characterization is
shown. The produced solar cell devices (see section 2.1) were distributed to the respective labs
for aging (see section 2.3) and some were sent to Fluxim for characterization with the PAIOS
instrument. Aging was performed at different labs according to ISOS-L2, 1ISOS-D2 and 1SOS-O1
protocols®?, as explained in detail in Section 2.3. Samples aged at L2, D2 and O1 were also sent
to Fluxim after aging to determine their electrical properties.

=
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Figure 2: Further experimental procedure after production and initial characterization of the
devices.

At the end of the experiment the polymer properties determined from chemical and thermal
analysis were correlated with the extracted lifetime parameters. For ease of reading the results, a
unified color code for the different P3HT batches was defined and is shown in Table 1.

Table 1: Color coding for the materials used in the experiment.

Material Color Code
P3HT-I Black
P3HT-II Red
P3HT-I1II Blue
P3HT-IV Green
P3HT-V Orange

2.1 Materials and Layer Stacks

We deliberately allowed a large variation in layer stacks/device layout— including substrates —
providing additional parameters impacting device stability. This was made possible by the fact
that each cell producer prepared devices based on all the different P3HT batches using their
preferred device layout. Five different labs served as cell producers: Commissariat a 1’énergie
atomique et aux énergies alternatives (CEA), Wroclaw Research Centre EIT+ (EIT+), Institut
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Catala de Nanociéncia i Nanotecnologia (ICN2), Technological Educational Institute Crete
(TEIC) and University Torr Vergata Rome (UTV). The different P3HT batches were contributed
by different collaborators of the experiment. Three of the cell producers used ITO coated glass as
substrates, one lab used FTO coated glass (ICN2), and one lab used ITO coated PET foil (CEA);
suppliers can be found in the Table 2. Further variations were in the device architecture,
including mainly inverted layer stacks (electron extraction via semi-transparent electrode) as well
as one example for conventional layer stack (hole extraction via semi-transparent electrode). The
charge extraction layers were varied as well: ZnO, MoOs, V20s, PEIE, and PEDOT:PSS were
used. Calcium, aluminum and silver served as opaque back electrodes. Three producers used
epoxy as sealant for cell encapsulation (EIT+, TEIC and ICN2), while CEA used a fully flexible
encapsulation and UTV used Surlyn, an ionomer for sealing. All layer stacks as well as device
layouts are reported in detail in Error! Reference source not found..

Table 2: List of layer stacks and materials applied in the solar cells.

PET: polyethylene terephthalate; TCO: transparent conducting oxide; ITO: indium tin oxide;
FTO: fluorine doped tin oxide; PEDOT:PSS: poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate; PCe1BM: Phenyl-C61-butyric acid methyl ester; CB: chlorobenzene; o-DCB: ortho-
dichlorobenzene

Supplier CEA EIT+ ICN2 TEIC uTtv
Type of Inverted Inverted Inverted (No  Conventional Inverted
architecture UV filter)
Substrate PET/TCO Glass/ITO Glass/FTO Glass/ITO Glass/ITO
(visiontek) (Ossila) (SOLEMS) (Kintec)
ETL ZnO (Sigma ZnO (Sigma  ZnO (Sigma  Ca (Kurt J. PEIE
Aldrich) Aldrich) Aldrich) Lesker (Sigma
Company) Aldrich)
HTL PEDOT:PSS MoOs3 V205 (home  PEDOT:PSS  MoOz (5 nm
(Heraeus) (Sigma made, (Heraeus) evaporated)
Aldrich) vanadium (Sigma
ethoxide from Aldrich)
Sigma-
Aldrich))
PCBM PCs1BM PCs1BM PCsBM PCs1BM PCs1BM
(Merck) (Lumtec) (Solenne) (Solenne) (Solenne)
Solvents CB (Sigma 0-DCB CB (Sigma- 0-DCB CB
Aldrich) (Poch S.A.)  Aldrich) (Sigma
Aldrich)
Metal Ag, evaporated Ag, Ag, Aluminum Ag, 100 nm
Electrode evaporated evaporated (Kurt J. evaporated
(Kurt J. (Kurt J. Lesker (Kurt J.
Lesker Lesker Company) Lesker
Company) Company) Company)
Adhesive Thermoplastic  Epoxy Epoxy Epoxy Parafilm
(Ossila) (Ossila) (Ossila) (Heathrow
Scientific)
Encapsulation  Flexible Glass Glass Glass (Ossila) Glass
transparent (PEARL)




barrier film

Table 3 : Producers of OPV devices, layer stack, layout (photo) and single device area.

Manufacturer Layer Stack Photo Active Area (mim?)

>

PEDOT:PSS

CEA, France 140

ZnO

MoO,

>
IIIAI

EIT+, Poland 45

Zn0O

Glass

>

<
U(Pco

ICN2, Spain 20

Zn0O

Glass

H

Q
@

TEIC, Greece
PEDOT:PSS

Glass

>

MoO,

UTV, ltaly 10

PEIE

Glass

2.2 Processing of Active Layer Solutions

The active layer solutions were provided by various labs involved in the study and were
distributed including detailed preparation recipes among all cell producers. These recipes were
followed largely, though small adaptations were allowed concerning processing temperatures in
order to incorporate for specific layer stack requirements. In general, solutions were handled
around 50°C for storage and processing; details can be found in the Supporting Information.



2.3 Aging Methods:

Aging of the photovoltaic devices was performed following largely the published ISOS
recommendations. Three different aging protocols were applied: laboratory weathering (L2),
outdoor aging (O1) and dark aging (D2). This allowed us to investigate the impact of different
stress conditions on the device stability.

2.3.1 1SOS-L2 Degradation

Samples were aged at the CEEC Jena under conditions close to 1ISOS-L2. The setup in Jena
consists of a metal halide lamp, whose illumination spectrum is close to AM 1.5G, as can be seen
in Figure 3. The light intensity was set to 1000 W/m?2 with help of a pyranometer. The intensity
was logged by a silicon sensor at all times, demonstrating that the operation of the lamp was very
stable. The temperature was set to 55°C in a shady region of the chamber and monitored as well.
Unfortunately, a higher temperature could not be reached and therefore remained 10K below the
ISOS recommendations. However, the acceleration for 10K higher temperature can be estimated
to be roughly a factor of two®. Furthermore, as the devices were illuminated, their temperature
was considerably higher than in the shadow, yielding 65°C or higher inside the cells. Humidity
was monitored and remained constant at around 5 % r.H within the setup due to the elevated
temperature. The samples were electrically connected via crocodile clamps to a multiplexing unit
(Keithley 2700). Periodic current-voltage (IV) characterization was performed automatically
every 30 min with a Keithley 2400 via computer control. When multiple cells on a substrate were
available, the innermost cells were chosen for aging, as they were considered to be least affected
by extrinsic degradation mechanisms.

— 5.00E+018{ |[—— AM1.5 Spectrum
-)é 1 T L2setup 15000
£ 4.00E+018
L ] 4000 —
= 3.00E+018 : =
% ] 3000 £
[ ] o]
c 2.00E+0181 12000 ©
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Wavelength [nm]
Figure 3: Comparison of the spectrum of the metal halide lamp used in the L2 aging setup at



CEEC Jena with AM 1.5G showing a good match. The full intensity range is shown in Figure S1
(Supplementary Information).

2.4 1SOS-D2 Degradation

Dark storage degradation was carried out Solliance in Eindhoven under a solar simulator
equipped with a sulphur plasma light source (Solaronix), under which the samples were shaded
by a metal plate. The samples were occasionally uncovered, computer-controlled automated IV
measurements took place during the whole aging process every hour and the collected data was
stored in a database. The IV measurements recorded under one sun illumination were later
filtered from the complete data set. During the aging process the temperature was set to 65°C and
relative humidity stayed at around 5% at that temperature. The setup used and the device
connections can be seen in Figure S4. Solar cells on substrates with more than one device were
chosen based on maximum performance.

2.5 1SOS-0O1 Degradation

The cells were mounted on a fixed angle (30° to horizontal) stand (as shown in Figure S3) and
the global intensity of incident sunlight was measured with a calibrated thermopile pyranometer
(Eppley PSP) mounted on the same plane. It should be noted that the spectrum measured at noon
time + 2-3 hours of a cloudless day at Sede Boger, Israel (Lat. 30.8°N, Lon. 34.8°E, Alt. 475 m),
matches almost perfectly to the standardized AM 1.5G spectrum®’, see Figure S2. The cells were
exposed between November 2015 and February 2016 and only during light hours (between *
9:30 and 15:30) for a total of ~ 210 h, in order to avoid potential encapsulation breaking or
contact oxidation problems due to night-time humidity. After the daily exposure the cells were
stored in the dark at shelf life conditions (lab environment).

The photovoltaic parameters of the solar cells were periodically monitored indoor with an AM1.5
class AAA Newport Oriel Verasol LSH-7520 solar simulator (70 mW/cm?) and a Keithley 2410
source-measure unit. Before aging the cells were kept in the dark inside a glove box (02 < 0.1

ppm).
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2.6 Materials characterization:

2.6.1 Dynamic Scanning Calorimetry (DSC), Size Exclusion Chromatography (SEC),
Nuclear Magnetic Resonance Spectroscopy (NMR)

Differential scanning calorimetry (DSC) was carried out under nitrogen between -20 to 300 °C at
a scan rate of 10 °C/min using a Mettler Toledo DSC2 calorimeter equipped with a HSS7 sensor
and a TC-125MT intracooler. DSC was used to determine the peak melting and crystallization
temperature as well as the enthalpy of melting. Thermogravimetric analysis (TGA) was carried
out under nitrogen between 20 to 550 °C at a scan rate of 10 °C/min using a Mettler Toledo
TGA/DSC 3+ instrument. TGA was used to determine the decomposition temperature. The molar
mass was measured with size exclusion chromatography (SEC) on an Agilent PL-GPC 220
Integrated High Temperature GPC/SEC System in 1,2,4-trichlorobenzene at 150 °C using
relative calibration with polystyrene standards. SEC was used to determine the molar mass and
the dispersity (PDI) of the polymers. *H nuclear magnetic resonance (NMR) spectroscopy was
measured on a Varian Inova 400 MHz NMR spectrometer by using chloroform-d (CDCIs) as
solvent and tetramethylsilane (TMS) as internal reference. The head-to-tail (HT) and head-to-
head (HH) protons from a-CH> on the hexyl side chain give a peak at around 6 = 2.8 ppm and 6 =
2.6 ppm, respectively. The regioregularity of P3HT was calculated from the *H NMR integral of
the different a-CH: protons on the hexyl of P3HT by following the equation (1) below®®:

Integral
Integral,,; + Integral

RRpsur (%) = 1)

2.6.2 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

ICP-OES was used to determine the trace metal content of the polymers. 200 to 250 mg polymer
were digested in nitric acid (65 %, purity p.A., Merck Schuchardt OHG) and hydrogen peroxide
(33%) in a microwave (Biotage Initiator+, instrument settings 15 min, 180 °C, vial 0.5-2 mL,
absorption level very high, fixed hold time OFF). This process was repeated three times with
altogether 2 mL nitric acid and 400 pL hydrogen peroxide. The combined solutions were refilled
to 25 mL with water and filtered through nylon syringe filter (0.45 um, Applichrom). The
resulting solution was utilized for the measurements with the ICP-OES (Varian 725-ES) to
determine the trace metal contents.

2.6.3 Electron spin resonance (ESR)

Standard 5 mm OD NMR tubes (which are ESR silent within the g = 2.00 region) were loaded
with the P3HT powder (10-20 mg) inside the argon glovebox and tightly closed under inert
atmosphere before taking them out for measurements. The weights of the empty sample tubes and
those with the introduced material were determined with a high accuracy (+/- 0.01 mg). The ESR
spectra were recorded using a benchtop Adani CMS8400 spectrometer. Integration of the signals
in the ESR spectra was performed using EPR4K software developed by National Institute of
Environmental Health Science (NIEHS). Each sample was characterized by average number of
spins per repeating unit following the previously published approach ©°.

11



2.6.4 Optical Spectroscopy — Ultraviolet/Visible-Spectroscopy (UV/Vis), Photothermal
Deflection Spectroscopy (PDS)

A custom-made spectroscopy setup was used to determine UV/Vis spectra. In the setup a glass
fiber above the sample, which captures light reflected from the sample, is surrounded by a ring of
several other fibers which carry the light from a white light source containing a halogen lamp and
a deuterium arc lamp. Below the sample there is another glass fiber collecting the light
transmitted through the device. The fibers are connected to two spectrometers from Avantes
AvaSpec-ULS3648, which record the spectra.

A custom-made setup for photothermal deflection spectroscopy (PDS) was used to determine the
sub-bandgap absorption of all investigated P3HT films as done in previous works®®"" The
measurement principle and basic setup of PDS is described elsewhere.’? The used
monochromatic light source (obtained from LOT-Quantum Design) contains a 450 W Xenon
lamp and a monochromator with a focal length of 260 mm.). The monochromator is equipped
with three gratings providing maximum intensity from 300 to 2000 nm, while the resolution is
kept at 10 nm up to 1000 nm and 20 nm above 1000 nm. The light is modulated by a chopper
operating at a frequency of 5 Hz. Deflection of a 0.7 mW HeNe-laser is measured by a
10x10mm? lateral effect sensor obtained from Thorlabs. The measured deflection is frequency
selective and amplified by a SR850 Lock-In amplifier. The samples are dispersed in
perfluorohexane and graphite is used as standard to calibrate the data. A self-written Labview
program automatically collects and calibrates the data.
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2.7 Device characterization:

2.7.1 Current-Voltage-Characterization (1V)

Devices were initially 1V characterized upon arrival e.g. at CEEC Jena under a solar simulator
using a metal halide lamp. The metal halide lamp was calibrated to 1000 W/m? with a
pyranometer. The setup uses a computer-controlled Keithley 2400 SMU. Samples were
connected using crocodile clamps.

2.7.2 External Quantum Efficiency (EQE)

EQE characterization of the samples was done at CEEC Jena upon arrival and after aging. The
EQE setup used is a BENTHAM PVE300. EQE measurements were generally performed without
additional bias light. Hence, if the device performance decays during aging, but the EQE remains
constant, the loss mechanism could be due to increased bimolecular recombination or series
resistance losses, only showing under higher excitation densities. On the other hand, if EQE
decreased upon ageing, but photocurrent remained on a higher level within the L2-setup, the low
light level conditions within the EQE measurement point to extraction problems, e.g. due to
insufficient trap filling.

2.7.3 PAIOS characterization:
JV, CELIV, TPC, TPV, DIT, Impedance, C-V, Temperature dependence and numerical
simulation details

Transient and impedance techniques can help to characterize charge transport. Qualitative
comparison of nominally identical devices, and between fresh and aged cells may contribute to
the understanding of the underlying degradation processes. Current-voltage (IV), charge
extraction by linearly increasing voltage (CELIV), transient photocurrent (TPC), transient
photovoltage (TPV), double injection transient (DolT), impedance spectroscopy, capacitance -
voltage curves (C-V), and further optoelectrical characterization methods were performed at
Fluxim AG using their All-in-one characterization platform Paios for Solar Cells’®™. For this
purpose, Fluxim received a batch of fresh devices as well as aged cells from the L2 and O1 tests.
The devices were illuminated with a high-power white LED (with an intensity above 1 sun
illumination) allowing for pulsed and light-intensity dependent experiments.

2.8 Analysis method for L2 aging results: Lifetime Energy Yield (LEY)

After the experiments were finished the aging data was analyzed to extract different relevant
parameters, like the end of the burn-in period (at stabilized efficiency Es) (Ts), the lifetime (Tso)
or lifetime after stabilization (Tsgo) and the lifetime energy yield (LEY)*!. The procedure to
determine the LEY was introduced by Roesch et al.. It was considered useful here due to its
capability to depict a relevant parameter for an energy producing device, i.e. its energy output
throughout its nominal lifetime. In the case of an ISOS-L2 experiment the LEY is straightforward
as the light intensity is stable throughout the whole experiment.
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In case of O1 and D2 aging we restricted ourselves to analyze the performance decay as is.
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3 Results and discussion
3.1 Polymer properties characterization

The initial characterization concerned polymer materials properties and the corresponding para-
meters obtained for the different P3HT batches investigated are summarized in Table 4 The
molar masses varied roughly by a factor of three, whereas the dispersity (p, or polydispersity
index — PDI) exhibited smaller variations with values between 2.0 and 2.7. The lowest molar
mass, P3HT-111 exhibited also the lowest PDI — together with P3HT-I. Concerning the regio-
regularity (RR) generally all samples showed high values between 94% and 96%; only the
sample with the highest molar mass and the highest PDI, P3HT-1V, had a rather low value with
90%. Also for crystallization (Tc) and melting temperatures (Tm) the same sample differed
considerably from the others, exhibiting the second lowest value of Tc = 189 °C and the lowest
value of Tv = 222 °C. In accordance with its low RR, P3HT-IV exhibits the lowest melting
enthalpy (AHwm) of all samples, indicating and confirming that it is less ordered. The
decomposition temperatures were — as expected for the same chemical structure — almost
identical for the different P3HT batches.

Table 4: Polymer properties of the P3HT batches determined by GPC, TGA and DSC at
Chalmers University.

Polymer  Mn Muw p(-) RR((%) To Twm Tc AHm
(kg/mol) (kg/mol) [PDI] (°C)  (°C) (°C)  (Ig)
30 59 20 96 455 237 201 18
IESE 24 54 23 94 455 227 184 17
CP3HT-INI 11 22 20 9 455 227 197 20
P3HT-IV 26 71 27 90 456 222 189 14
P3HT-V 25 60 24 95 455 236 198 21

3.2 Trace metal content analysis of the P3HT batches

The results for the trace metal content determined by ICP-OES are summarized in Table 5. They
show a certain variation between the different polymer samples, which might stem from different
synthetic approaches used for the polymerization, the equipment used to handle them and the
purification methods applied. The standard synthetic procedures for regioregular P3HT include
the McCullough method, which is a Kumada coupling, as well as the Rieke method based on
activated zinc (Rieke zinc)™". Moreover, the Grignard metathesis reaction (GRIM) was
developed by McCullogh”. All these reactions are based on nickel catalysts. Furthermore, also
palladium-catalyzed reactions have been applied: Stille coupling, Suzuki coupling as well as the
dehydrogenative polycondensation’®7°.

For a very ubiquitous element like sodium, which is basically everywhere, there are barely any
variations between the different P3BHT samples. Palladium content was below the detection limit
for all samples (Pd-catalyst are only used for the non-standard polymerizations). Residual
palladium is known to cause shunting problems®’. The nickel content, the main catalyst for the
standard polymerizations (e.g., in the GRIM®Y) is also very low for all polymer samples. Only
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P3HT-I exhibited a comparably high magnesium content, which might be caused by residual
magnesium salts from utilized Grignard reagents. Noteworthy, the zinc content was also rather
low for all polymers. On the other hand, P3HT-IV exhibited the highest iron (Fe) content but
otherwise did not differ much from all other batches. The iron could originate from the catalyst
(dppf as phosphine ligand), however, this ligand is rather unusual. Alternatively, the synthesis
might also have been performed in steel reactors.

Table 5: Trace metal content of the different P3HTs used in the experiment. Determined by ICP-
OES (nn = below detection limit).

P3HT Ca Cu Fe K Mg Na Ni Pd Sn Zn
Batch  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Blind 0.115 0.009 0.116 0.115 0.013 051 nn nn 0.06  0.015
Values 0.101 0.008 0.092 nn 0.009 049 nn nn 0.06  0.013

XU 0.806 0.024 0.083 0.33 0481 3.158 0.046 nn 0.182 0.037
| 0.789 0.025 0.084 0.347 0.487 3.135 0.057 nn 0.177 0.038

1.077 0.014 0.153 0.145 0.131 3.081 0.045 nn 0.132 0.024
1.085 0.014 0.15 0.168 0.132 3.082 0.043 nn 0.144 0.024

1.051 0.01 0.179 0.173 0.107 341 0.013 nn 0.091 0.072
1.035 001 0.188 0.177 0.106 3.367 0.014 nn 0.078 0.072
1.116 0.01 0512 0.155 0.112 3.183 0.045 nn 0.068 0.072
1124 001 0521 0.159 0.113 3.185 0.044 nn 0.076 0.073

0.934 0.014 0.203 0.257 0.093 3.588 0.031 nn 0.133 0.021
0.949 0.014 0.203 0.224 0.094 3591 0.029 nn 0.155 0.022

3.3 Optical spectroscopy

Optical spectroscopy can yield information about the crystallinity of the different P3HT batches
used. In this case films were cast from pristine P3HT solutions and characterized as is. In Figure
4 P3HT-11I stands out as the most crystalline batch as can be seen by the multiple distinct peaks
near the absorption onset. This is consistent with its material properties as stated in Table 4,
specifically the low PDI, high regio-regularity (RR) and the high melting enthalpy.>* However,
the overall correlation between spectroscopic information and structural parameters reported
above is not strong. In general it could be expected that more crystalline materials would be more
stable and exhibit a slower degradation?®, in case blend stability dominates the degradation.
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Figure 4: UV/Vis spectroscopy results for pristine P3HT thin films of the respective P3HT
batches, a) overview and b) details of the films. P3HT-11I shows the highest crystallinity.

Photothermal deflection spectroscopy, of which results are depicted in Figure 5, showed an
increased absorption below the bandgap for P3HT-II, in agreement with the results from electron
spin resonance spectroscopy (see below). The sub-bandgap absorption of the P3HT batches show
several known features. The first one is the peak centered at around 1000 nm which can be
assigned to the P2 polaron transition’®, indicating minor p-doping of all batches of the pristine
P3HT. It seems that this is most pronounced for P3HT-1V, and least pronounced for P3HT-I and -
[11. While P3HT-I contained relatively high content of trace metal impurities, P3HT-I11 had fewer
impurities making an assignment of the polaron peak to trace metal contents difficult. However,
P3HT-IV exhibited the highest content of Iron. Furthermore, we see an unstructured absorption
between 700 and 900 nm which is most prominent in P3HT-11 and -V. This might be caused by
amorphous morphology resulting in increased tail absorption.”* However, interestingly, the most
disordered P3HT-IV batch exhibits a lower absorption in this range. A shallow defect state
arising e.g. from chemical impurities could also explain this feature, which might increase the
recombination rate in P3HT.
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Figure 5: Results of the photothermal deflection spectroscopy measurement on pristine P3HT
films. All of them show some signature of doping, visible by the peak around 1000 nm.

3.4 Electron spin resonance spectroscopy

Electron spin resonance is a useful method for determining radical concentrations in the material
under investigation. In this study, radicals might originate from defects at the chain capping
groups, some structural defects (e.g., stabilized tri(hetaryl)amine type radicals) or certain
impurities possibly stemming from the synthesis and insufficient purification. Alternatively,
radicals can belong to the polymer polaronic state formed as a result of the material oxidation
(oxidative doping) while handling it in air. The concentrations of persistent radical species for the
P3HT-batches was estimated using ESR spectroscopy (Table 6) following previously reported
procedures®*858182 \We did not find any correlation with the molar masses of the polymer samples,
which would be a reasonable expectation if the radicals are mostly induced by defected chain
capping groups. The obtained radical concentrations could also not be related with the findings
from the ICP-OES measurements (Table 5), as P3HT-II generally showed relatively small levels of
trace metals, but exhibits the highest radical concentration by ESR. However, some correlation
could be found when comparing radical concentrations with PDS data: here P3HT-II showed the
highest radical concentration in ESR, and also exhibited the strongest absorption between 700 —
900 nm in the sub-bandgap region of the PDS spectrum. On the other hand, P3HT-I1I exhibited not
only the lowest sub-bandgap absorption, but also showed the lowest radical concentration obtained
via ESR. However, the correlation does not hold very well for the other batches, e.g. P3HT-I,
exhibiting the lowest concentration of polarons as by PDS (like P3HT-I111), had a relatively high
radical concentration. These observations suggest that radical species identified in different
samples of P3HT apparently have different origins.

Finally, it should be emphasized that concentration of radical species in all investigated P3HT
samples is relatively low and should not impair the efficiency of the photovoltaic devices based on
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these materials as per previous findings®. The results of other characterization methods applied to
the P3HT batches are displayed in the Supplementary Information, sections 5-8.

Table 6: Experimental results of the ESR measurements on the pristine P3HT films.
P3HT Batch Concentration of the radicals (spin/r.u.)

3.98E-5
4.82E-6

P3HT-V 3.13E-6

3.5 Results of controlled aging
3.5.1 1SOS-L2 Degradation

3.5.1.1 Performance over time versus P3HT batches

The 1SOS-L2 protocol provides an efficient way of accelerated testing of lifetimes. Stress factors
like heat (here 55°C in the shadow) and light (including UV-light) reveal operational weaknesses
of photovoltaic devices. Due to space constraints here only the power conversion efficiency
(PCE) over time curves are being displayed; see section 3.5.1.4, and the Supporting Information,
section 9, for the time development of the other photovoltaic parameters.

Considering the characterization data from above, it might be expected that P3HT-1 (for metal
contamination) and P3HT-II batches (for radical concentration and sub-bandgap absorption)
would lead to the fastest decay in performance. However, specifically these two batches yielded
the best values for stability. Similarly, if we consider the extreme cases of the molecular
properties, P3HT-111 representing one of the most highly ordered, and P3HT-IV representing the
least ordered among all, we can find a layer stack (TEIC) in which both perform similarly well
and better than all others. These results — and the fact that there was no agreement among the
different sets of devices originating from different cell producers concerning which P3HT
batches lead to slower or faster degradation, makes correlating the lifetime data and the P3HT
properties difficult.

The performance decay for the different cell producers, respectively their layer stacks applied, are
shown in Figure 6, while the corresponding ageing parameters based on various fit functions are
summarized in Table 7. In order to check whether P3HT-batches do yield similar decay curves in
different layer stacks, the ageing data is replotted with respect to the materials itself (Figure 7).
However, no clear correlation is found between P3HT-batch and ageing slopes, thus the decay
slopes generally seem to depend more on the layer stack (i.e., cell producer) than on the actual
P3HT-batch used.

A more consistent behavior was found for the rather stable (but sometimes at lower performance)
operation of P3HT-I and P3HT-V, which seemed to degrade generally faster (smaller lifetime)
than the other batches. Unfortunately, this behavior could not be related to any P3HT property, as
the latter batch had no distinct properties under all of the characterization methods reported
above.
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It is interesting to note that cell producers who provided their own active layer material, obtained
the most stable operation with exactly these materials. Thus, we may conclude here that
experience with the material system seems to play a more dominant role in obtaining stable
devices than the actual choice of P3HT-batch.

The most consistent ageing behavior was found for the devices made by TEIC, which always
showed a bi-exponential decay function under 1SOS-L2. Furthermore, TEIC cells demonstrated
that with a sufficiently good encapsulation it is also possible to reach a relatively high lifetime
with conventional architecture. The outstandingly highest device stability was reached by CEA
with the self-provided P3HT batch (P3HT-I), leading to similar LEY values as reported in the
literature’. It is interesting to note that also poorly encapsulated inverted devices failed faster than
the conventional devices, which was most pronounced in the case of the UTV and ICN2 devices.
This observation suggests the need to re-assess the inverted layer stacks concerning their inherent
intrinsic stability problems.

The low stability observed for the UTV devices might be connected with the encapsulant Surlyn,
as its glass transition temperature (Tg) is below 60°C. Though the heating in the chamber was set
to 55°C in the shadow, the cell temperature can be expected to be considerably higher owing to
direct exposure to full light spectrum and associated heating effects. As diffusivity suddenly
increases above Tg, especially oxygen ingress might have happened at an increased rate. This
assumption is supported by the fact that the Surlyn encapsulation layer is thicker than the epoxy
layers used and thus can lead to higher ingression rates and then serve as a larger reservoir for
oxygen®384,
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Figure 6: Aging curves for organic solar cells of the different manufacturers (indicated in the
title of each panel) from the ISOS-L2 measurements performed at CEEC Jena, with different
P3HT-batches.

3.5.1.2 Performance over time versus Cell Producer

In Figure 7 it is clearly visible that the cell producer, i.e. the device layout, is more dominating
the aging behavior than the P3HT. The same P3HT batch exhibits strongly varying aging
behavior for the different producers, like P3HT-1 which shows a nearly linear decay for EIT+,
though showing a bi-exponential decay behavior for TEIC and a more or less constant operation
in case of CEA. The burn-in behavior for the individual P3HTs is independent of the P3HT batch
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used as can be seen from the aging curves of each producer. Hence the degradation of the
interfaces and interfacial and electrode materials (partially influenced by the sealing) have a
larger impact, than the variation of polymer properties found in the P3HTs used for the

experiment.

P3HT-I

T

0 200
Time t [h]

P3HT-III
T T

0 200 400 600 800 1000
Time (h)

P3HT-V

g 0.5
€00 b v e b
"o 200 400 600 800 1000
Time (h)

400 600 800 1000

P3HT-II

0 200

400 600 800 1000
Time (h)
—4.0 PSHTV :

B 0'06 200
= CEA
= EIT+
= |[CN2
= TEIC
= UTV

400 600 800 1000
Time (h)

Figure 7: 1SOS-L2 aging data plotted for individual P3HT-batches (indicated in the title of each

panel) for solar cell producer, respectively, their device layout.

3.5.1.3 Evaluation of Lifetime Energy Yield (LEY)

CEA and EIT+ demonstrated record LEYs of ~53 kWh/m?2 and 20 kwWh/m? based on devices built
with their self-provided material P3HT-I and P3HT-II, respectively (see Tables 2, 7). This fact is
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unexpected, as P3HT-I1 exhibits considerably different material properties than P3HT-I, and the
low performance in EIT+ devices cannot be explained. Among the other materials, maximum
LEY values of ca. 10 kwWwh/m2 were reached, for P3HT-III by TEIC, for P3HT-1V by EIT+ and
for P3HT-V by ICN2. In general, the aging characteristics obtained by one producer were not
identical for the different materials used. In case of P3HT-I based solar cells built by CEA the
first 200 h are missing due to some contact problem observed only later. As no burn-in was
observed, it may be highly probable that this device completed burn-in before reconnection
occurred. From the best stabilities obtained for the record devices of CEA and EIT+ some further
conclusion concerning the hole extraction layer can be made: CEA used inverted architecture
with PEDOT:PSS, while EIT+ used MoO3 for hole extraction. Thus, at least PEDOT:PSS cannot
be claimed responsible for yielding insufficient OPV stability. For completeness it should be
mentioned that the total device area is not a relevant parameter for stability, as these two cell
producers delivered the largest and the (nearly) smallest solar cell areas. Further data of LEY
analysis of L2 degradation experiments can be found in the Supplementary Information, section
13.

3.5.1.4 Remarkable exceptions

The highest stability in terms of lifetime was generally shown by P3HT-I cells. A remarkable
exception was observed for P3HT-I cells provided by ICN2: while devices generally suffered
from insufficient encapsulation, this device basically showed an “eternal” lifetime (no slope),
however, at a very low performance level (< 0.2% PCE). We decided to cut the lifetime at 10000
hours, as further extrapolation to longer lifetimes is not really supported by an about 1000 hours
lasting ageing experiment.

3.5.1.5 Photovoltaic parameters

In the following the photovoltaic parameters of L2-aged devices are briefly reviewed. All solar
cells showed a short and very small burn-in of the open-circuit voltage under L2 conditions,
which can be seen in Figures S12, S15, S18, S21 and S24. This can be explained either by an
increase in energetic disorder, which is rather unlikely due to the crystalline nature of P3HT?, or
more likely by a slight increase in crystallinity in the material due to light and heat stress and
thereby a change of the energetic landscape along the donor/ acceptor interface®.

Except for a few devices, all showed the rather common burn-in with a bi-exponential decay
behavior of the short circuit current density for P3HT, see Figures S13, S16, S19, S22 and S25.
This is a well-known feature for P3HT:PCBM solar cells and an important contributor to this
decay is the increase in phase separation between P3HT and PCBM, which leads to a reduction of
interfacial area where excitons could be separated and thereby to a reduction in photocurrent
generated®®, Notable exceptions are all of the devices by EIT+, see Figure S16, which initially
show an increase in photocurrent followed by a nearly linear decay. This increase in photocurrent
could indicate further annealing under light and elevated temperature. Another option for this
initial increase might also be the necessity for photo-activation of the ETL material®’.
Interestingly, the most stable device of CEA® processed with P3HT-I was limited by a slowly
decaying short circuit current, while the other photovoltaic parameters were virtually constant.
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Table 7: Results of curve fitting of the performance decay over time. Given are the fit function,
the burn-in time Ts, efficiency after burn-in Es, operational lifetime Tsgo (or Teo) and efficiency at
the end of nominal lifetime Esgo (or Eso). Finally the calculated lifetime energy yields (LEYSs) for
the L2 aged solar cells are given. See S59-S80 for the respective fits. (* - lifetime from data is
infinite and thus was limited to the tenfold stressing time, # denotes catastrophic failure)

Manufacturer | P3HT Fit Es Ts Essoor Eso | Tsgoor Tso | LEY
Batch function | (%) | (h) (%) (h) (kWh/m?)
CEA P Exp - - 2.32 2241 52.9
Lin - - 0.55 355 2.16
BiExp 056 172 0.44 826 4.44
P3HT-V  BIiExp 1.84 24 1.47 509 9.56
EIT+ P3HT-I Exp - - 0.93 229 2.39
BiExp 1.44 16 1.15 1594 20.5
P3HT-111 N - - 0.65 1088 8.01
Lin - - 0.53 1547 9.18
P3HT-V | LogLin 085 180 0.56 784 5.81
ICN2 P3HT-I BiExp 022 359 0.17 10000* 14.6
Exp - - 0.76 458 3.9
P3HT-1I1 e - - - - -
Exp - - 0.55 114% 0.70*
P3HT-VV | BiExp 0.15 437 0.12 7248 9.83
TEIC P3HT-I BiExp 1.02 21 0.81 733 6.71
BiExp 1.6 24 1.27 454 6.56
P3HT-111 Ry - - 1.79 458 9.23
BiExp 147 11 1.26 546 7.71
P3HT-V  BIiExp 146 22 1.16 155 211
uTv P3HT-1 Ky - - 0.91 34" 0.35
- - - - - 0
P3HT-111 Ry - - 243 17% 0.45
Lin - - 0.67 14* 0.1
P3HT-V  Lin - - 3.62 40* 1.61
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Finally, the fill factor showed some very interesting differences for some cases even among cells
of one manufacturer. For CEA L2, Figure S14, P3HT-1 showed a constant FF for the entire
experiment. This might be connected to its high crystallinity and no further annealing occurring
during the aging process, as well as no formation of major barriers between the different interface
layers. P3HT-1V and P3HT-V, in contrast, showed a burn-in followed by a linear decay. A reason
for this might be the formation of barrier layer for extraction, doping induced space-charge or an
increase in disorder in the active layer material. For EIT+, see Figure S17, there was nearly an
identical behavior in fill factor for all the different materials, which suggests that the behavior of
the cells was fully determined by the device layout and the large series resistance. Interestingly,
the fill factor of 30% constitutes the limiting parameter for the performance of the most stable
device, processed from P3HT-I11. There was a fast exponential burn-in followed by a nearly linear
weak decay afterwards. There is a slight difference in the slope of the linear part of the decay
curve, which might be due to differences in the P3HT-batches. ICN2 showed rather low fill
factors already from the start, see Figure S20, but P3HT-II showed first an increase in FF
followed by a linear decay. This might be related to an annealing process of the cell, which
induces more crystallinity, followed by ingress of oxygen and trap formation?. However, the
value of 25% found for several devices is due to a shunting problem. TEIC cells, see Figure S23,
showed, with the exception of P3HT-I, a nearly constant linear decay of the fill factor. This is
most likely connected with the oxidation of the low work function metal electrodes of this
conventional device architecture.

The most durable solar cell exhibited — as expected — an inverted architecture, and reached a LEY
above 52 kWh/m2. Due to avoiding low work-function metals, inverted architectures are less
susceptible to moisture and oxygen ingress, which can corrode the low work function metal
rapidly. The major issues found with proper encapsulation and resulting electrode corrosion as a
reason for early failure, pronounce again the importance of a) a good sealing and b) in an inverted
architecture to be more resilient against any breach of encapsulation.

We found that with a proper encapsulation even conventional devices can be rather stable, which
can be seen in the LEYs achieved by the TEIC devices. On the other hand, as stated earlier, with
a suboptimal encapsulation not even an inverted architecture can avoid drastic failures, as can be
seen in the cases of ICN2 and UTV cells.

3.5.1.6 Usefulness of L2 for stability experiments

The ISOS-L2 protocol allows determining the photostability of devices in an accelerated way. In
combination with 1SOS-D2 characterization the effect of the elevated temperature can be
deconvoluted in order to learn about the pure light stability. Hence the performance decay
observed in L2 should be expected to be more than for Ol and D2, assuming a perfect
encapsulation and a sufficiently long measurement period. L2 ageing might also allow for
drawing conclusions about the lifetime of a device under realistic operation in the field
(outdoors). It is assumed that a lifetime of 1000-2000 h under L2 roughly corresponds to a
lifetime of 1 year in the field under stable sealing®. Thus the most stable devices of this study
correspond to about 1-5 years operational stability in the field.
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3.5.2 External Quantum Efficiency for L2-Ageing

Besides the pure stability and performance information, external quantum efficiency (EQE)
measurements can yield additional information. In accordance with its high crystallinity, solar
cells processed with P3HT-1 commonly have an absorption onset towards longer wavelengths
than those of the other P3HT batches (see Figure 8). In case of the inverted device structure (here
CEA, EIT+, and ICN2) the spectral response remains stable in its qualitative characteristics.
However, for the only conventional device architecture (TEIC) an interesting effect is observed:
upon aging the regions exhibiting highest absorption by P3HT-I show lower charge extraction for
the L2 aged device. This may refer to an unfavorable vertical material gradient that inhibits
charge extraction from a certain region of the device, where a higher P3HT-I concentration is
present. This could be due to a build-up of a space charge region within the active layer, where a
higher concentration of P3HT-I is present®®. However, this effect takes place already early during
aging, specifically during the burn-in process, and thereafter the performance remains fairly
stable — in fact this was the most stable of all devices processed in conventional architecture.
Thus this type of burn-in degradation might be best related to the relatively high number of metal
impurities, as well as radical concentrations, as found by ICP-OES and ESR. However, in
unprocessed pristine P3HT-1 fairly low polaron densities (PDS) were found, indicating that only
the combination of light and metal impurities may play a dominant role here for the generation of
space charge. As the overall behavior of all devices cast from this P3HT-1 is relatively stable (as
seen by the long lifetimes), the observed losses should in all cases be related to space charge built
up due to inherent impurities present in the material from the beginning. Thus, we may speculate
that the same P3HT without the space charge would yield much higher performances for longer
times. Further data of EQE measurements related to L2 degradation experiments can be found in
the Supplementary Information, section 12.
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Figure 8: EQE spectra for P3HT-1 solar cells from different manufacturers before and after L2
aging.

Upon comparison of the EQE-data with the ageing data of the photocurrent from 1SOS-L2 we
can find a severe deviation for the CEA-P3HT-I sample between the photocurrent measured
under the solar simulator (~ 8 mA/cm?) and the one from integration of the EQE-curve and
multiplication with a hypothetic AM 1.5 spectrum: the EQE-curve delivers only 5.72 mA/cmz2.
This deviation could be assigned to trap-assisted charge recombination or an extraction barrier in
the low-light level case, which can be overcome by trap-filling for higher excitation densities. A
similar effect was recently observed in P3HT-PCBM cells®. It is interesting to note that already
in the beginning of the experiment, light bias yielded a gain in photocurrent for the same device,

see Figure 9. Unfortunately, no EQE with bias measurements were performed after the L2-
ageing.
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Figure 9: EQE measurement with and without bias light for CEA-P3HT-1 cell before L2
degradation determined at CEEC Jena.

3.5.3 1SOS-D2 Degradation

In contrast to our expectation, the photovoltaic devices suffered on average more degradation
under dark storage at elevated temperatures (1ISOS-D2), seen in Figure 10, than under accelerated
laboratory weathering (ISOS-L2). Notable exceptions were found only for EIT+ and TEIC
devices, which showed higher performances than under L2. In case of the EIT+ solar cells drastic
device failure is visible for P3HT-I1I, indicating breakage of the sealing. This hints that for these
configurations the thermal stability is much more relevant than the light stability. However, even
for the case presented here, where the L2 ageing took place at slightly lower temperatures of
55°C in the shadow, similar temperatures are to be expected within the devices for L2, as the
light absorption itself must inevitably lead to heating. Further this means that EIT+ cells show a
good thermal stability, while their photo-stability is lower than those of the other cells. This
might be connected to light-induced doping effects arising from the MoO3 hole transport layer.
On the other hand, devices produced by UTV and ICN2 exhibited similarly low stability as under
L2, indicating degradation mechanisms to be independent of light. In general, it should be noted
that insufficient sealing effects may have played a more important role under D2 than under L2
aging, as for D2 not the innermost devices were chosen, but rather the best performing ones.

An interesting deviation appeared for the TEIC solar cells, which did not show a fast burn-in, but
rather a linear long-term decay. This hints to a light induced rather than a thermally induced
process for the burn-in, independent of the P3HT batch used. Furthermore, the CEA cells
degraded severely, independent of the P3HT batch, indicating a thermally driven process that
might be prevented (at least for the most stable P3HT-I batch) under illumination. Finally, it
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should be noted that the highest performing devices (yielding also highest hypothetical LEY's)
provided by EIT+ were obtained with the already identified superior P3HT-batches I and II.
Further data of D2 degradation experiments can be found in the Supplementary Information,
section 10.
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Figure 10: Aging data from 1SOS-D2 experiment done by Solliance in Eindhoven.
3.5.4 1SOS-01 Degradation

The observations made for dark ageing under elevated temperatures could in part also be found
for ISOS-01, see Figure 11. As a matter of fact, the EIT+ devices outperformed in terms of
stability for this ageing condition those aged under L2. Again, the identified superior P3HT-
batches, namely | and Il, yielded the best performance over time here. Noteworthy are the
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devices provided by TEIC: although they showed considerable degradation following exponential
decays, there was no indication of drastic failure. This confirms the superiority of the
encapsulation used in this case over the other device layouts. In case of the remaining cell
producers, drastic failure was observed in all cases, independent of the P3HT batch used. Hence
the conditions even under this modified outdoor ageing seemed to be dominated by
environmental impacts such as water or oxygen ingress. Interestingly, ICN2 solar cells based on
the P3HT-batches | and Il also outperformed the other batches, confirming their superiority.
However, such exceptions were not observed in case of CEA, TEIC and UTV, where rather a
material independent degradation was found. Further data of O2 degradation experiments can be
found in the Supplementary Information, section 11.
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Figure 11: Aging data for ISOS-O1 measurements performed at BGU in Sede Boger in Israel.
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3.6 Paios Results

It has been shown that by a combination of various transient and impedance experiments, and a
complementary data analysis, certain aging mechanisms can be revealed by their specific
signatures’". For example, an overshoot observed in the transient photocurrent is a trace of
charge accumulation (space charge), which can occur due to trapping or an energetic barrier for
charge extraction. The impedance signal of the two cases (trapping or energetic barrier),
however, looks different, and therefore allows distinguishing between the two mechanisms.
Another example is charging of the active layer (doping), which can be determined by combining
impedance and CELIV measurements.

Unfortunately, no systematic behavior for devices of the same producer or using the same P3HT
batch could be found. We identified two main reasons for this: 1) the low reproducibility in cells
obtained make a cell-to-cell comparison erroneous, ii) the significantly differing stack
architectures and sample geometries turn out to have an enormous impact on the initial cell
performances and their stability. Yet, several conclusions can be drawn from this supplementary
experiment.

In order to perform transient measurements small devices with a low RC time constant are
required. This is, however, not only a necessary condition for analytic models to be valid®, but
also impacts any electrical measurement on the device. Large resistance values have been found
in all cells produced by EIT+ using the Osilla layout, which is mainly due to the un-metallized
ITO contact. A series resistance of 200 Ohm already affects the steady-state performance of the
device and should therefore be avoided. This observation nicely agrees with the observed low fill
factors. The UTV layout, on the other hand, showed negligible contact resistances.

We further found shunting by leakage currents to be a major failure mechanism. Here devices by
UTV, ICN2, and EIT+ were most sensitive, and the Ol-aged devices showed more severe
shunting than L2-aged ones. The underlying mechanisms for this behavior are however not
understood.
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Another important conclusion from the Paios measurements is that encapsulation failure, leading
to the lateral in-diffusion of oxygen and water vapor, can superimpose to the degradation process
of the active layer and will induce additional pathways for degradation which should be
prevented. The inhomogeneous oxidation of the metal electrode from the sample edges forms an
insulating oxide layer hampering charge extraction. A prominent signature of this process is a
strong overshoot in the transient photocurrent signal’.
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Figure 12: Transient photocurrent results for TEIC solar cells after aging.

Figure 12 shows an example of a TEIC sample, where the outer devices show more severe
degradation due to the failure of the encapsulation adhesive. The further to the edge the cells
were, the weaker was the measured signal, which shows there was ingress of oxygen and
moisture through the encapsulation. This effect was found more pronounced in cells aged under
L2 at CEEC Jena than under O1 in the Negev. We therefore speculate that it is driven by the
oxygen diffusion, supported by elevated temperatures under L2 conditions®?.

4 Discussion

Two P3HT-batches showed in several cases — however, not consistently over all cell producers —
exceptional stability: P3HT-I and P3HT-II. However, these two batches exhibit significantly
different materials properties:

P3HT-I, yielding the exceptionally high LEY of 53 kWh/m2 under accelerated 1SOS-L2 ageing,
is distinguished from the other batches by its high crystallinity; however, P3HT-111 showed in the
optical characterization the strongest aggregate absorption®°®, Furthermore, P3HT-11I remained
similarly inconspicuous concerning sub-bandgap absorption like P3HT-1. However, except for
TEIC cells based on P3HT-III under outdoor degradation (ISOS-O1), this P3HT-batch rather
underperformed in all stress tests compared to the other cell producers. The fact that P3HT-III
exhibited the lowest radical and trace metal concentrations of all batches, seems to make this
material property rather insignificant concerning its impact on yielding stable organic solar cells.
Thus, the only remaining material parameter that could be blamed for the low stability can be the
exceptionally low molar mass of this batch, roughly three times lower than all others.
Microscopically, the low molar mass might be connected to an unfavorable phase behavior;
either unsuitable crystallization leading to phase separation and thus loss in charge generation and
diode characteristics, or vertical phase segregation reducing the fill factor and potentially the
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open-circuit voltage as well. It is known that lower molar mass P3HT samples lead to high
crystallinity, while higher molar mass result in different crystallites due to chain
backfolding®:%4%, Besides the fact that several devices based on P3HT-111 were missing out from
the studies, this batch gave usually the lowest open-circuit voltages, except for the UTV devices
where it yielded the highest ones. The difference that UTV devices showed with respect to all
others must be connected to its electron extraction layer, which consisted of PEIE. This seems to
make a big difference, potentially preventing interfacial recombination otherwise leading to a
reduction of the quasi-Fermi level splitting. Getting back to P3HT-I and its properties, we may
take the sub-bandgap absorption as the only remaining factor to take into account. Thus, low
intrinsic doping levels and well-ordered domains, while keeping the molar mass large enough,
seem to display a necessity for reaching long lifetimes at appreciable performances.

The second best result for lifetime energy yields was obtained with P3HT-II (by EIT+), although
it exhibited rather opposite material properties than P3HT-I in all cases. However, its LEY
remained below one half of that obtained by CEA with P3HT-I under ISOS-L2 conditions,
clearly making this batch second choice. Part of the explanation for a LEY of ~20 kwh/mz2 thus
should be assigned to the experience by EIT+ with this material, as it was (as in the case of
P3HT-1 and CEA) provided by this lab. This reason might be also responsible for comparable
performances between P3HT-I and -11 obtained by EIT+ in the other ageing tests (D2, O1). Thus
it may be concluded that experience with a material system plays a major role in getting stable
performances.

Unfortunately, not all cell producers could reproduce these results: in two cases (ICN2, UTV)
this was not possible due to insufficient encapsulation of the devices, leading to extrinsic
degradation becoming dominant. However, concerning the layers involved it might be indicated
that PEIE is less suitable than ZnO for long-term stable electron extraction and V20s might be
less stable than MoOs; and PEDOT:PSS. The most reliable sealing of samples could be
demonstrated by EIT+ and TEIC, specifically for the ageing tests obtained under ISOS-D2 and
ISOS-01. This means that — at least for glass-glass sealing — also conventional devices exhibiting
PEDOT:PSS layers can reach substantially high intrinsic stabilities.

The experience gained from this collaboration experiment could be summarized as follows: if cell
producers are confronted with new material systems with which they have no processing
experience, a longer preparation and training time before providing devices for ageing tests is
required. Of course a proper sealing method and corresponding encapsulation materials are
required. Furthermore, improved statistics obtained by averaging over more devices may provide
more reliability in ageing characteristics. The fewer devices take part in such an ageing
experiment, the higher is the risk of losing devices due to catastrophic failures, which drastically
lowers the chance for finding correlations between materials or layer stack properties. Finally, the
design of the ageing experiments should be such that a sufficient amount of data points (>>10)
over time to enable a reliable fitting procedure, leading to a well-predictable long-term behavior.

According to the data, large lifetimes alone seem not to be an appropriate way of expressing the
stability, since severe performance losses during burn-in would be disregarded. Hence we have
chosen to use the determination of the lifetime energy yield (LEY), as this parameter combines
lifetime and performance into one figure of merit, which expresses the usefulness of the solar
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cells in applications. This analysis is also of vital importance for solar cells with reversible
degradation, for instance for perovskite-based photovoltaics®.

5 Conclusion

In conclusion, though the overall statistics in this experiment were challenging due to partially
insufficient encapsulation and thus extrinsic degradation, some rules concerning the materials
properties could be found, which can help to develop intrinsically more stable organic
photovoltaic devices. In case of the semi-crystalline organic semiconductor poly(3-hexyl-
thiophene), high crystallinity, sufficiently high molar mass and minimum intrinsic doping levels,
as well as minimal disorder as found by photothermal deflection spectroscopy, are beneficial
parameters contributing to stable photovoltaic operation. Interestingly, trace metal contents and
radical concentrations seem to have no remarkable impact on device stability.

Furthermore, we found that the burn-in behavior of organic solar cells is mostly dependent on the
layer stack. This means that part of the burn-in may stem from a) electrodes, b) transport layers,
c) interfacial changes at the layer boundaries, d) differences in phase segregation of the active
layer (i.e. stratification) due to different surface energies of the adjacent layers, or from e) a
combination of the aforementioned factors.

Although we were able to see a slight impact of the properties of the P3HT used on the stability
of the devices it did not have a dramatic effect on their stability. As the suppliers chosen for this
study are widely used by different labs in the OPV community as material suppliers that means
that results obtained in other studies are broadly viable in showing if a certain electrode material
or transport layer material has an impact on device stability in more general terms and not only in
terms of their exact combination of materials. This is especially important as P3HT still is one of
the main work horses as a material in the OPV community, due to its relatively low price and
wide availability.

In addition, experience with a certain material system seems to be an important parameter
contributing to achieving relatively stable solar cells. Finally, the common suspect for insufficient
organic solar cell stability, PEDOT:PSS, seems to perform better than its reputation, since the
best devices in this comparison obtained with it in an inverted device architecture show
competitive lifetime energy yields of more than 50 kWh/m2.,
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