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Introduction

1 Introduction

Within the next decades humankind has to face one of the most serious and biggest challenges. The
complete energy system has to be changed from its current, fossil fuel-dominant state into a
renewable and eco-friendly alternative. The necessity of this modification arises from the looming
threat of a massive global climate change, which will likely be followed by huge impacts on
civilization up to collapse. This scenario is not without precedents in human history, as the
disintegration of ancient civilizations in the near east!!! or the collapse of Mayan society'?! was to
a major extent fostered by local changes in climate patterns. A change in climatic patterns as current
model calculations predict might result, due to our highly integrated global economy, in a complete
collapse of the world economy accompanied by wars, famines and massive worldwide
immiseration. The chaos induced through the global SARS-CoV-2 pandemic already gave a first
indication of what even a minor disruption of the global supply chain means for most peoples’
everyday live. As the goal is to preserve civilization as we know it, on the one hand we certainly
have to move away from fossil fuels, but on the other hand still have to provide civilization with
sufficient energy in the meantime.

One of the largest prospected sources for energy will be solar energy, especially in the form of
photovoltaics (PV)P]. Photovoltaics has shown a massive reduction in cost for the last 20 years
(Figure 1), as well as a massive expansion of deployment!®. Of course, these two measures are
interconnected via the economies of scale. However, this deployment needs to be further
accelerated especially with the next 10 years if the 1.5 Degree Celsius target should be seriously
keptPl. So far, the industrial standard for PV are solar modules made from wafer-based mono-
crystalline silicon solar cells. Though silicon itself is cheap and earth-abundant, the production of
solar cells from this material is time and energy consuming. Furthermore, Si-PV is heavily relying
on silver as material for electric contacts and as a consequence Si-PV manufacturing is consuming
a large portion of the world’s yearly silver production®l. Thus, potential supply chain issues are
additionally threatening the PV production. Concerning applications, the bulky and stiff nature of
silicon solar modules limits their area of application and slows down their installation. Given these
drawbacks, modern research is seeking for attractive alternatives to Si-PV.

A potential alternative to silicon-based PV is printed PV. Currently there are two major
technologies in development, on the one hand organic-inorganic hybrid perovskites and organic
PV on the other hand. Printed PV comes with the added advantage of an inherently low energy
footprint!”! in manufacturing as well as a high processing speed'®], and therefore an inexpensive
production as well as faster and cheaper extension!’! of production capabilities compared to Si-
based technology. If printing is done on flexible!!?! substrates in a roll-to-roll manner for example,
one will first get even higher manufacturing speeds, and second greater ease of installation and
faster deployment times!!!). Both of these technologies —hybrid perovskites and organic PV— come
with their individual advantages and drawbacks. Concerning Perovskite PV, high-performance
compositions achieve performances in the lab on a par with crystalline silicon. However, due to
their reliance on lead they might impose some not yet fully evaluated environmental and health
risks. Organic PV (OPV) on the other hand do not reach the same performance as Perovskite PV
yet, but does not have negative impact in terms of environment and health!!?, Due to these
advantages this work focuses on OPV.
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Figure 1: Development of the price per photovoltaic module throughout the last four decades. The Price has been reduced by more
than two orders of magnitudel?.

OPV is based on organic semiconductors!'], materials which are characterized by a high degree of
conjugation, i.e. molecules or polymers with alternations between single and double/triple
bonds!'¥. As a consequence, an organic semiconductor with a sufficiently large conjugation length
will show light absorption in the visible range of the electromagnetic spectrum. Moreover, through
a clever combination of adequate chemical moieties, which are either electron withdrawing or
electron pushing, a push-pull effect can be created and its absorption can even be shifted more
towards the near-infrared rangel!® ', This effect is especially important for PV applications,
because as most of the photon density of the solar spectrum is highest in the red and NIR range of
it. A peculiarity of organic semiconductors is the fact that they only show a specific window of
absorption window, i.e. organic semiconductors absorb only in a narrow range above their
bandgap. In contrast, to inorganic semiconductors, which strongly absorb all photons which are
higher in energy than their particular bandgap. Organic semiconductors do so only in a relatively
narrow range above their bandgap. Thus, this constrained absorption makes them especially useful
candidates for manufacturing semi-transparent photovoltaic devices!!® 16 in contrast to their
inorganic counterparts. Furthermore, organic semiconductors exhibit a low dielectric function and
hence show a high exciton binding energy between 0.3 and 1 eV?!”/.

The large exciton binding energy is responsible for the excitonic nature of device operation. In
order to generate photocurrent an electron donor material and acceptor material have to be blended,
at whose interface excitons can be split. One prerequisite for the morphology of the donor-acceptor
blend and semiconductor heterojunction arises from the rather short lifetime of excitons. After an
exciton has been generated within the donor phase through absorption of a photon, it has to diffuse
towards the donor-acceptor interface in order to generate an electron-hole pair*> 81, Due to the
short exciton life time, the exciton diffusion length is in the order of a few tens of nm('®!. Thus, the
ideal active layer structure as schematically depicted in Figure 2 has to provide particular
peculiarities. The first one is a finely intermixed morphology on a scale of approximately 20 nm in
order to increase the donor-acceptor interface and enable charge generation[!’® %201 The second
one is to a certain degree pure phases of donor and acceptor, which have to be all interconnected;
1.e. all donor phases have to be interconnected to all other donor phases and the same for the

2]



Introduction

acceptor phases, to allow for an efficient transport of charge carriers towards the electrodes!?!). And
the third peculiarity is that the donor has to preferentially accumulate towards the hole extracting
contact, while the acceptor has to accumulate towards the electron extracting contact, i.e. a vertical
layer stratification/??!. In the case of bulk-heterojunction cells which is the research standard, such
kind of morphology is solely developed on the basis of self-ordering processes. Donor and acceptor
are usually dissolved in a common solvent and get coated onto a substrate usually via spin coating
to create a uniform film!*3,

Donor Acceptor

Donor Acceptor Donor Acceptor

a) B~ .. D)E C)E
X —

° Exciton
HOMO

d)e

Donor Acceptor Donor Acceptor
e) E f) e g)
(] o— ETL
HTL
B+ ) —®o Acceptor

Figure 2: Charge carrier generation process in an organic solar cell, a) light absorption, b) exciton diffusion, ¢) charge transfer
exciton formation, d) charge transfer exciton, e) charge separated state, f) charge transport. g) Bulk-heterojunction morphology of
an organic solar cell, including adjacent hole transport layer (HTL) and electron transport layer (ETL).

Conventional Inverted

* PIN-Diode * NIP-Diode

Transparent Electrode Transparent Electrode

‘ Substrate ‘ ‘ Substrate

Figure 3: The two different architecture types used for organic solar cells; the usual difference is towards which contact side the
respective charge carriers are extracted towards. EEL: Electron extraction layer; ETL: Electron Transport Layer; HEL: Hole
extraction layer; HTL: Hole Transport Layer; PAL: Photoactive layer.
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In an OPV device there are usually different other layers adjacent to the active layer; those are a
hole transport or hole extraction layer (HTL/HEL) as well as an electron transport or extraction
layer (ETL/EEL) (Figure 3). They are required for multiple reasons, as they provide a good ohmic
contact to the electrode materials and allow for efficient charge carrier collection and extraction!>¥],
They also act as a barrier for charge carriers of the opposite kind and thus prevent recombination.
The last component of organic solar cells are the electrodes, required to collect the charge carriers
and connect the device to any load®*!. For solar cells in general, the hole or electron extraction and
the electrode layer adjacent to the transparent substrate need to be highly transparent in the
absorption range of the photoactive layer (PAL) in order to allow a sufficient amount of light to
reach the active layer. In the particular case of semi-transparent solar cells, the other charge
transport layer (CTL) and substrate have to be highly transparent as well'¢®!,

In principle there are two different architectures for OPV devices!?®!, which are shown in Figure 3.

On the one hand, there is the conventional architecture where the transparent electrode represents
the cathode and low work function metals are usually used as anode material'*®!. On the other hand,
there is the inverted architecture, where the transparent electrode represents the anode and high
work function metals like silver are used as cathode material’>*27]. The inverted architecture was
especially introduced to increase the stability of OPV devices, as low work function metals are
very prone to oxidation!?7-28,

In Figure 4 the development of officially registered record efficiencies for OPV devices over the
last 20 years is shown!®). Though first research on organic solar cells already started back in the
1970s, devices back then only reached very low power conversion efficiencies (PCEs) below
1%03%, The early development of OPVs was mostly driven by improvement in design of the active
layer. In Figure 5 different active layer morphologies are shown. At the very beginning of OPV
research single layer devices were manufactured, which inherently showed a low efficiency3%,
Due to the high exciton binding energy of organic semiconductors, only very few charge carriers
were formed which could have been extracted. After this was understood, the planar bi-layer
structure was developed!!**, where a flat layer of acceptor material was deposited on top of a layer
of donor material or vice versa. Though devices of such a kind exhibited a more efficient charge
carrier generation at the interface between donor and acceptor and provided an improved
efficiency, they were suffering from drawbacks. Due to the low exciton diffusion length, either
planar bi-layers had to be very thin resulting in a reduced absorption of the incident light and hence
exciton generation, or for thicker donor or acceptor layers excitons decayed before reaching the
donor-acceptor interface resulting in a reduced generation of free charge carriers.
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Figure 4: Record efficiency development over time for OPV devices according to the National Renewable Energies Laboratory
(NREL) efficiency chart.

The next morphological development were bulk-heterojunctions, where donor and acceptor
materials are mixed in a precursor solution and a film of a finely mixed morphology between donor
and acceptor phase upon deposition®!l. This morphology provided further improvement in
performance, as now active layers can be thick enough to absorb most of the incident light, while
the donor-acceptor interface is drastically increased and the required length for exciton diffusion is
reduced. In addition, reliable transport pathways for charge carriers towards the contacts could be
established!!* 31> 321 This kind of active layer morphology represents for the most part the OPV
research today. As a final point, also ordered heterojunction approaches should be mentioned,
where order is established by other means than de-mixing due to thermodynamic driving forces.
Instead donor and/or acceptor are individually structured to form an interlocking (interdigitated)
morphology!®3].

Single Layer Planar Bi-Layer Bulk-heterojunction Ordered heterojunction

Figure 5: Development of the active layer morphology over the history of OPV research.

Besides the development in active layer morphology, there was also development in active layer
materials. One big step was the discovery of fullerene as efficient electron acceptors!'*®l. The
importance of this discovery is visible through the still-valid distinction between two main eras,
the era of fullerenes and the era of non-fullerenes (Figure 4). Up to 2016 the best performing OPV
devices contained some sort of fullerene as the main electron accepting component. Fullerenes are
a group of spherically shaped carbon allotropes (Figure 6) which were discovered in the late
1980s1** and first used for organic solar cells in the early to mid-1990s!3®!. Due to their shape, they
aggregate and de-mix from the donor forming pure phases and allowing for efficient charge carrier
transport*?]. Though fullerenes enabled a massive improvement in OPV performance, they also
suffer from several drawbacks. The production of fullerenes is rather energy intensive, their energy
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levels cannot be easily modified and only in a limited range®*. Furthermore, they tend to over
aggregate resulting in a too coarse morphology and therefore loss in donor-acceptor interface and
photocurrent®>]. Moreover, fullerenes merely absorb in the solar spectrum which is why they
barely contribute to the photocurrent of the devicel*!.

[6,6]-Phenyl-C61-butyric acid methyl ester [6,6]-Phenyl-C71-butyric acid methyl ester

Figure 6: Different commonly used fullerene-based acceptors in organic solar cells.

Most of the development in performance during the fullerene era was achieved through designing
donors which absorbed light in the red and NIR region of the solar spectrum where most photons
are available, Figure 7 shows some commonly used polymer donors used in OPV research. One of
the first driver of progress was poly-3-hexylthiophene (P3HT). This homopolymer is easy to
synthesize and nowadays one of the cheapest organic semiconducting polymers and available at
scale. Due to the fact that P3HT forms semi-crystalline structures, it is still a widely used model
compound. The Next big steps came with co-polymers like poly/[9-(1-octylnonyl)-9H-carbazole-
2,7-diyl]-2,5-thiophenediyl-2, 1,3-benzothiadiazole-4, 7-diyl-2, 5-thiophenediyl] (PCDTBT)!*”! and
poly-[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b'|dithiophene-2,6-diyl] [ 3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl ]] (PTB7)¥ PCDTBT had a very deep HOMO
level which allowed for increased voltages in combination with fullerene acceptors®*’]. PTB7 and
related polymers, instead, showed a red shifted absorption spectrum allowing for increased
photocurrentst®® “1 Another important step in the development of semiconducting polymers were
polymers like poly-[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4, 5-
b’[dithiophene))-alt-(5,5-(1,3 -di-2-thienyl-5", 7 -bis(2-ethylhexyl)benzo[1’,2’-c:4",5 -
c’[dithiophene-4,8-dione)] (PBDB-T) and Poly-[(35,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-
(3,37 °-di(2-octyldodecyl)-2,2";5°,2"°; 5", 2" "~quaterthiophen-5,5"""-diyl)] ~ (PffBT4T), which
showed a strong temperature dependent aggregation already in solution. This behavior paves the
way to a pre-patterning effect for the BHJ morphology during film formation!*!’,
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PfBT4T

Figure 7: Donor polymers usually used in organic solar cells.

Although research on alternatives to fullerenes as acceptor material in OPV was ongoing already
years before 2016, only 2016 the first solar cell devices which performed on a par or even better
than the best fullerene devices was published*?l. This progress was enabled by two important
characteristics of non-fullerene acceptors (NFAs). First, NFAs allow for proper control of their
stacking due to their mostly planar structure and second their small bandgap in combination with
mid bandgap donors allows to increase short circuit current densities'*’]. Further enhancement of
device efficiency past 2016 was mainly driven by a reduction in voltage loss!**! and an increase in
fill factor*!. The synthetical flexibility of NFAs also allowed for a wider variation in HOMO and
LUMO energy levels and the NFAs bandgaps*®!. Concerning the planar structure of most NFAs,
controlling their stacking behavior is very important, as strong m-m stacking might result in
excessive crystallization and phase separation!**],

In Figure 8 several commonly used NFAs are shown. The first OPV device that showed an
efficiency being on a par with the best performing fullerene-based solar cells was made from 3, 9-
bis(2-methylene-(3-(1, I-dicyanomethylene)-indanone))-35, 5,11, 1 I -tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2’,3°-d’]-s-indaceno[1,2-b:5,6-b’[dithiophene (ITIC) as NFA in combination with
PBDB-T as donor!*?l. ITIC is especially structured with an electron donating core and electron
withdrawing end units. In the following years ITIC was modified in multiple ways, such as
methylation™?®! or halogenation™®! of the electron withdrawing capping groups at both ends of the
molecule as shown on the example of 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-
difluoro)-indanone))-5,5,11, 1 1 -tetrakis(4-hexylphenyl)-dithieno[2,3-d:2",3 ’-d’]-s-indaceno[ 1, 2-
b:5,6-b’]dithiophene (IT-4F)*%l The fluorination resulted in a modification of HOMO, LUMO
and bandgap and improved the device performance up to 13%*’!. Roughly at the same time
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(52,5'7)-5,5'-((7,7'-(4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno [1,2-b:5,6-b']dithiophene-2,7-diyl)
bis(benzo[c][1,2,5]thiadi-azole-7,4-diyl))bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-
one) (IDTBR) was combined with P3HT and showed a high efficiency above 6% and excellent
stability over 3000 h!*¥. This was especially interesting as P3HT is a cheap and easy to synthesize
polymer.

Another important NFA family developed from 2015 on were the so called Y-themed NFAs*",
with 2,2'- ((22,2'Z) - ((12,13-bis (2-ethylhexyl) -3,9-diundecyl-12,13-dihydro - [1,2,5] thiadiazolo
[3,4-e] thieno [2",3:4°,5'] thieno [2'3':4,5] pyrrolo [3,2-g] thieno [2',3":4,5] thieno [3,2-b]
indole-2,10-diyl) bis (methanylylidene)) bis (35,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile (Y6) as an exemplary member. For Y-themed molecules the A-D-A
structure of ITIC was extended creating an acceptor-donor-acceptor-donor-acceptor (A-D-A-D-A)
structure. This structure resulted in even smaller bandgaps of around /.4 eV, in comparison to /.6
eV for ITIC. Recently, The Y-Family of acceptors is also responsible for most the latest records of
up to /9% PCE for OPV devices™’l.

Figure 8: Commonly used NFAs in organic solar cell research since 2016.

Except for efficiency in the last years OPV devices made a lot of strides in terms of stability, which
is another important factor for being viable as a commercial technology. Whereas early devices
showed stabilities of just a few hours, recently extrapolated lifetimes of up to 30000 h were
achieved under illumination assuming 7000 sun hours per year>!!, this represents a lifetime of 30
years, which is compatible with the current industry expectation for Si-based PV modules. Some
of the important findings obtained in the last decades leading to this increase in lifetime shall be
summarized here. One important factor for stability are aromatic structures within the backbones
of the organic semiconductors. early semiconducting polymers such as polyphenylenevinylene
contained aliphatic double bonds, which were easily oxidized and therefor the performance
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decayed quickly due to a loss in conjugation®. In addition, it was found that a high degree of
crystallinity can improve stability for two main reasons’®?l. First, the increased density of
crystallized materials reduces the ingress rate of extrinsic factors like water and oxygen. Second
intermediate steps in degradation necessitate an increased backbone flexibility and a reduced
backbone planarity®*l. As it was found that degradation proceeds via first a tilting of moieties out
of the molecular plane, as this disrupts the planarity, it would also weaken n-n-stacking, which is
a prerequisite for crystallization. That means very crystalline materials show resistance against a
loss of backbone planarity. From the role of the degree of crystallinity the impact of the side chains
attached to the polymer or molecule follows. Side chains provide solubility and can prevent
excessive stacking. However, if side chains induce too much disorder, the degree of crystallinity
will be drastically reduced resulting in poor stability. Recently it was shown that thermal stability
in polymer:NFA blends is not conveyed via a stable morphology, but actually by a kinetic
hindrance for de-mixing, i.e. diffusion coefficients of NFAs in the polymer matrix is so low, that

the blend will not de-mix within the useful lifetime of the device!?'?],
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Figure 9: Organic charge extraction/transport materials commonly used in organic solar cells.

Another important topic in regards to performance as well as stability is the choice of the charge
transport layers in OPV devices. As already stated they have to be transparent, provide a low ohmic
contact with the respective electrode, and efficiently collect and/or transport charge carriers. There
are three main types of charge transport layers, highly doped organic semiconductors, organic
insulators, and metal oxides!?*®%), Some examples of commonly used organic semiconductors are
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Figure 9) and 2,9-Bis/3-
(dimethyloxidoamino)propyl]anthra[2,1,9-def:6,5,10-d"e'f'|diisoquinoline-1,3,8,10(2H,9H)-
tetrone (PDINO)12*¢-3¢1 "an example of a widely used organic insulator is polyethylenimine (PEI)!*",
and some commonly used metal oxides are zinc oxide, titanium dioxide, molybdenum oxide and
tungsten oxide. Also, hybrids of the aforementioned material classes are reported!®>.

The impact of the charge extraction layers on the device performance is due to multiple factors.
These layers are capable to form an ohmic contact between active layer and electrodes, which is
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Introduction

usually evoked by an inherent electric dipole moment!®”. As a result, the work function of the
electrode is shifted to be more compatible with the respective HOMO of the donor or LUMO of
the acceptor and facilitates a more efficient hole or electron extraction without an energy barrier.
Furthermore, organic charge extraction layers can also passivate the electrode interface by forming
coordinative bonds with the surface of either metal or metal oxide electrodes®®, both of the
aforementioned effects are shown in Figure 10. In addition, the charge transport layers can also
have a strong impact on the active layer stratification®®®) i.e. it is preferable that the bulk-
heterojunction (BHJ) blend is enriched in donor near the hole extracting layer, whereas the acceptor
is concentrated at the electron extracting layer. Mixing PEDOT:PSS with tungsten oxide
nanoparticles and creating hybrid HTL, resulted in the surface free energy of the HTL being
modified to be closer to the surface free energy of the donor of the blend, resulting in a preferential
layer stratification and an increase in fill factor!>®l,
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Figure 10: The impact of charge extraction layers on the interface between active layer and electrode, a) dipole of electron
extracting layer is oriented in a fashion that the work function of the electrode gets lowered and an otherwise existing energy
barrier gets removed; b) without an EEL there are states in the gap at the interface due to dangling bonds from the electrode, which
are recombination centers, c) passivation of such dangling bonds by formation of coordinative bonds between EEL and electrode..

Concerning stability, the charge transport layers also play an important role. For example,
PEDOT:PSS is hygroscopic and takes up water from ambient atmosphere which has multiple
detrimental effects. On the one hand water reduces the PEDOT:PSS film conductivity through film
swelling and therefore lowering the probability of hoping of charge carriers from one PEDOT
chain to another PEDOT chain?®*52:5%1 Duye to the acidic nature of PEDOT:PSS moisture ingress
can also accelerate etching of metal oxides, such as indium tin oxide which is commonly used as
transparent electrode!®”. In addition, Literature also reported on the usage of moisture sensitive
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materials such as lithium fluoride or calcium as electron extracting layers. However, ingress of
environmental moisture was quickly degrading those materials resulting in blocking layers and
catastrophic failure of devices?®* ¢!l In conventional layer stacks ETLs require metals with a low
work function like aluminum, which are in general very moisture and oxidation sensitive[*”!.

As mentioned above the inverted layer stack was developed in order to improve the stability of
organic solar cells. In the case of an inverted stack high work function metals being less prone to
oxidation can be used as back electrode (cathode in this case), whereas the transparent electrode is
the anode!?’8]. In the inverted layer stack metal oxides like fitanium oxide and zinc oxide are
used®”> 31, Though these metal oxides are not water'®?! and oxygen sensitive, they cause certain
other problems. In several studies it was shown that these metal oxides needed light exposure of
the solar cells in order to attain their full performancel®*). Moreover, this so-called light soaking
effect was not permanent, i.e. the performance gain disappeared in the dark and a new light soaking
period was required!®¥l. For a device intended to work under changing illumination conditions, this
is a rather detrimental effect. Even more severe is the degradation evident in devices made with
TiOx and ZnO ETLs!%]. When exposed to UV irradiation oxygen atoms adsorbed at the surface
can be desorbed and form trap states at the interface between ETL and active layer. This effect
especially reduces the fill factor throughout ageing.

Besides the aforementioned effects, which were already discovered before the broad introduction
of NFAs, the usage of NFAs led to new degradation pathways stemming from interactions between
charge transport and active layer. Such interactions have been found if either strongly basic or
strongly acidic charge transport layers, such as PEI or PEDOT: PSS, were employed(®®!. If the
vinylidene groups of most NFA acceptors (Figure 8) can be attacked by these charge transport
materials, the conjugation of the NFA will be disrupted resulting in a loss of absorption capabilities
and introduction of trap states.

The recently set lifetime records for OPV were also critically influenced by the design of the
CTLsP! 71 For these record setting devices modified metal oxide charge transport layers were
used. These publications reported about the degradation of the active layer due to the metal oxide
at their direct contact. In order to prevent this type of degradation, additional organic layers were
introduced between the metal oxide transport layer and the active layer and the lifetimes of devices
improved significantly. The authors introduced buffer layers in inverted solar cells to both, the
anode as well as the cathode and consequently the initial burn-in of the device was removed nearly
entirely. A similar effect was observed for another study that reported a lifetime of above 30000 h,
where a fullerene derivative was used as cathode buffer layer in an inverted OPV devices and the
burn-in vanished.

So far, the most basic workings and challenges for OPV have now been presented. In the following
chapters P1 and P2 it will be discussed on which sector OPV should focus in order to profit from
economies of scale and to be able to enter the market after two decades of intensive development.
P1 is focusing on the advantages of OPV if applied to agriculture. This chapter discusses the
synergies of applying OPV to polytunnels to increase the yield for crop production and attain a
higher degree of water and soil conservation, especially in arid conditions. A calculation of the
potentially achievable performance based on detailed balance is given and the potential for
agrivoltaics is evaluated. This chapter closes with the comparison of published active layer
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P1 Agrivoltaics — the Perfect Fit for the Future of Organic Photovoltaics

materials and the photosynthetically active absorption of plants, and how well they already
complement each other. P2 is briefly discussing the potential of commonly used charge transport
layers for OPV applications, with special focus on the application in the field of agrivoltaics.
Usually the CTLs’ UV/Vis transmission is reported in a too narrow range for seriously assessing
the materials’ compatibility for agrivoltaic applications.

The next two chapters P3 and P4 are discussing the impact of charge transport layers on the stability
and performance of OPV devices. P3 is about a large interlaboratory round robin study, where five
labs across Europe constructed OPV devices and distributed them between tnree other labs for
stability testing. The results of this study showed the importance of the layer stack design for the
overall stability of OPV devices, but also the importance of a good encapsulation scheme. P4 is
comparing multiple organic charge extraction layers and correlates between structural properties
of these materials and their performance improvement. In addition, the ties found between structure
and stability were not as strong as in the case of structure and performance. Especially the device
performance was connected to the very complex nature of the many interlinking processes involved
with OPV stability.

In P5S a method is presented for analyzing IV characteristics in a new fashion and extracting in-
depth knowledge which allows for a more focused and faster analysis of OPV device performance
limitations. The principle of this analysis concept is the combination of electrical simulation and
the second derivative of the IV curve. On the basis of this investigation it is possible to quickly
gain understanding how either fresh devices are limited in their performance or aged devices are
degrading. For example, we obtain information about which kind of defects it is worth to look for
with more sophisticated methods. Furthermore, this method can be applied in order to pause ageing
experiments shortly before or during a period in time where a sample undergoes a specific point in
its degradation pathway.

P1 Agrivoltaics — the Perfect Fit for the Future of Organic Photovoltaics

Photovoltaics nowadays is mostly dominated by silicon based solar modules, as was already stated
in the introduction to this thesis. This is due to its high efficiency, abundance of the element itself,
experience with its processing and a large established industry by now that pushed its price to very
low costs. Any new technology that wants to enter the photovoltaics market has to carve out a niche
for itself, which has to have two important properties, these are: The technology has to offer a
benefit no other competing technology can have and the chosen niche, has to have the potential for
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scaling in the high GW to TW demands, else there can be no benefit from economies of scale and
therefor none of the necessary cost reductions to compete with silicon PV can be achieved.
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Figure 11: Comparison between plant growth in arid and semi-arid climates, on the left without photovoltaic polytunnels and on
the right with photovoltaic polytunnels.

So, a niche has to be found for OPV where it can rely on its unique properties. Nowadays the most
unique property of OPV, which it shares with no other PV technology is the ability to only absorb
within a narrow spectral window!!%® 81 usually this property is a downside, as it limits the
absorption of solar radiation. Though in the proposed deployment scenario of OPV as hull structure
for photovoltaic polytunnels, it precisely can be an asset, as it can allow to make use of the 50% of
energy contained in near infrared part of the solar spectrum not used by plants, while being mostly
transmissive in the spectral part, where plants are photosynthetically active. Besides that, there are
other advantages and synergies to be gained from such an application. These are summarized in
Figure 11, as can be seen such an application can be especially beneficial in arid and semi-arid
climates, where it can help with water conservation, which is a critical resource. Further it can
reduce soil salinization, which is a common problem for irrigation agriculture. The more easily
controllable humidity around plants can also increase the overall yield®”), as plants do not have to
shut down photosynthesis as often to prevent critical water loss. Although silicon PV!%7%1 is also
already applied in agrivoltaic settings, it comes with two massive drawbacks, on the one hand it
has to be deployed well-spaced out, as otherwise it would entirely shade the ground and only very
shade resistant plants could be grown underneath. And the more cumbersome restriction is due to
its relatively large weight and rigid nature the support structures have to be quite massive, if
agricultural machines have to pass underneath it. These constraints are not applicable to flexible
OPV modules, which in the case of a polytunnel could simply be quickly folded together and
unfolded again to allow access for a large machine.
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Figure 12: Schockley-Queisser-limit applied to organic solar cells with complete transparency in photosynthetically active energy
range of plants.

With the mutual benefits presented another important factor is the question of the achievable
performance for such an application. In Figure 12 the result of a detailed balance!’!! calculation is
shown with the additional constraints that absorption is only allowed below an energy of 1.75 eV,
corresponding with the onset of photosynthetic activity in plants. There are two peaks around 0.9
eV and around /./ eV with nearly identical achievable PCEs of /8% and 17.5%. As OPV so far is
suffering from an increased photovoltage loss compared to other PV technologies!’?, the peak at
higher energies is preferable as a development goal. The currently best performance reported for
an organic solar cell is /9% PCEP%! and for a small module this best performance so far is /4%
PCE!”!, when that ratio is taken and one assumes a similar scaling lag between lab cell and large
scale a performance of up to /3% PCE on a large scale might be achievable, but a more
conservative estimate of /0% PCE should be given the theoretical maximum of 77.5% PCE a goal
that should be targeted for applications.

In Figure 13 the UV/Vis absorbance of several published low bandgap materials for OPV devices
is compared with the photosynthetic action spectrum of plants. And in Figure 14 the chemical
structures for these compounds is shown!’¥. These are polymer donors, small molecule donors, as
well as small molecule acceptors, i.e. non-fullerene acceptors. In general, it can be seen that there
is already a broad sample of active layer materials for donors as well as acceptors that are showing
a low overlap of absorbance with plants. On the donor side the three diketopyrrolopyrrole (DPP)
based donor polymers C3-DPPTT-T, C3-DPPTT-Se and C3-DPPTT-Te are especially well suited
for solar cells with a high transmissivity in the photosynthetically active region. In combination
with fullerenes as acceptor efficiencies of up to 9% have been reported for these compounds,
though the fullerene used was PC71BM, which already has an appreciable absorption in the blue
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region of the visible spectrum. In regards to NFAs the choice in materials is even larger thanks to
the development of low and ultra-low bandgap acceptors over the last few years. The most
interesting are IEICO-4F, IEICO-4Cl, IXIC-4Cl, CO;8DFIC, INPIC-4F and DTPC-DFIC. For all
of these NFAs efficiencies above 10% are reported, but so far not when paired with low bandgap
donors. Hence the potential for highly UV/Vis transparent OPV devices is clearly there though so
far not realized. With a moderate efficiency of 10% as already stated the potential for cumulative
OPV in the application of agrivoltaics is for only the land used for vegetables, roots and tubers
already 2 orders of magnitude larger than the so far deployed PV capacity worldwide, offering a
very exciting case as application and to realize economies of scale.
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Figure 13: Comparison between the photosynthetically active spectral region of plants and the absorbance spectra of different low
bandgap active layer materials used in OPV devices that have been published in the scientific literature.
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Figure 14: Structures of published low bandgap materials with absorption windows that are partially compatible with agrivoltaics
applications.
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P2 Transmission Windows of Charge Transport Layers and Electrodes in
Highly Transparent Organic Solar Cells for Agrivoltaic Application

Besides the active layer materials also charge transport layers are playing a critical role in the
application of agrivoltaics. They have to be highly transparent in the full spectral range from /.7
eV to up to 3.5 eV, as they do not only have to transmit light for the active layer of the PV device,
but also for the underlying plants. In Table 1 published of energy levels and bandgaps are shown
for various materials used as charge transport or extraction layers. For the metal oxides used as
ETLs their conduction bands are well suited as electron selective layer in conjunction with
fullerenes and most NFAs, as their LUMOs are in general around 4 eV. For PDINO the published
value of the LUMO is actually a bit too high for efficient electron extraction. The same is true for
hydrogenated nanodiamons (H-NDs)

Table 1: Energy Levels and bandgaps in various published and commonly used charge transport/extraction layer materials for
organic solar cells.

Material HOMO | LUMO | Band Gap Reference
/VB /CB (eV)
(eV) (eV)
ETL/EEL
SnO, -8.0 -4.5 3.5 (73]
TiOx -8.1 -4.4 3.7 (7]
ZnO -1.5 -4.2 3.3 77
PDINO -6.21 -3.63 2.58 (6]
H-NDs 5.5 -3.0 25 (78]
HTL/HEL
MoOy -5.6 2.3 3.3 (53]
WO; -5.7 2.2 3.5 [47]
PTAA
-5.1 -1.8 3.3 (79
(poly(triaryl amine))
NPB
(N,Né_diphenyl_l,]“_ '5.4 _2.3 3.1 [80]
biphenyl-4,4‘-diamine)
P VP Al4083 -5.2 / / 811

For the materials commonly used as holy transport or extraction layers the two metal oxides valence
band is too deep for most donors to show efficient hole extraction, though in general the literature
states for these materials that they are actually more acting like recombination layers, at whose
surface to the active layer, electrons injected from the electrode recombine with holes from the
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properties and its susceptibility towards layer stack variations
donor'®l. For the organic materials PTAA and NPB, which are commonly used as HELs in
perovskite solar cells both show values for the HOMO which are well suitable for most commonly
used donor materials in OPV. P VP Al4083, which is a commercial formulation of PEDOT:PSS,
is commonly used as a HTL and shows a HOMO also well suited for efficient hole transport.

(82

In Figure 15 the UV/Vis absorbance spectra of various CTLs is depicted. Figure 15 a) shows the
ETLs and EELs compared against the photosynthetic activity of plants and expect for PDINO all
the ETLs/EELs show a low absorption in that range. The best suited candidates of the whole range
from 400 nm to 1100 nm are TiOx, SnO; nano particles and PEIL. ZnO though not showing the
lowest absorption has an added benefit of being a partial UV blocker, which is beneficial as UV
radiation is well documented in being damaging to the active layer of OSCs as well as producing
stress on plants, due to damage it causes to the photosystem®*). Figure 15 b) shows the absorptance
common HTLs and HELs compared with the photosynthetic activity of plants, the two least
suitable materials are PEDOT:PSS, as well as tungsten oxide, as both show increased absorptance
either in the spectral range of plants or in the spectral range of the solar cell. Best suited would be
NPB and PTAA, as both have a very low absorptance over the whole range, while again showing
some absorptance on the UV range, which would be beneficial to either protect the active layer of
the solar cell and/or plants grown underneath the photovoltaic polytunnel.
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Figure 15:Absorptance of different commonly used charge transport and charge extraction layers used in organic solar cells, a)
electron extraction/transport layers, b) hole extraction/transport layers.

P3 Robustness of polymer solar cell stability against semiconductor properties

and its susceptibility towards layer stack variations

In this chapter the results of a large collaborative study between several European institutions is
presented. In the study different batches of P3HT which was commercially available were used to
produce OPV devices based on P3HT:PCBM active layers with different layer stacks, which were
chosen by the individual labs based on familiarity with these layer stacks. The initial manufacturing
and distribution procedures are shown in Figure 16. As is shown 5 different batches of P3HT were
selected with 5 different labs manufacturing solar cells from each P3HT batch. Beside the solar
cell manufacture the different P3HT batches were also physically and chemically analyzed in
regards to properties like molecular weight, dispersity, radical content, trace metal content and the
concentration of sub-bandgap states, though this part of the work is not the main focus of this
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properties and its susceptibility towards layer stack variations
chapter for further interest the reader shall be referred to the published manuscript this chapter is
based on. As the focus of this chapter is on the impact of the CTLs.

2. Distribution
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Figure 16: Design of the initial production process for the OPV devices that were tested in the experiments.

Following the manufacture and characterization at the manufacturing labs the cells were send out
to four different locations for ageing tests, see Figure 17 for the procedure taken. Upon arrival at
each lab involved with the ageing another characterization was done. The substrates were then
placed under the different ageing conditions which were performed in accordance to the ISOS
protocols!®]. At CEEC Jena devices were aged ISOS-L2 conditions, i.e. under simulated AM1.5
solar irradiation of 100 mW/cm? and at a temperature of 55°C in the shade, which is equivalent to
a cell temperature of 65°C. ISOS-D2, which is ageing in the dark at 85°C was performed by
Solliance in Eindhoven. While the samples under ISOS-O1, i.e. outdoor ageing with regular lab
characterization, was done at the J. Blaustein Institutes for Desert Research of the Ben-Gurion-
University of the Negev at Midreshet Ben Gurion in the Negev desert.
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Figure 17: Schematic depiction of the experimental design in regards to the ageing experiments performed.

For the various layer stacks used by the different labs they are shown in Figure 18, there were 4
labs that choose inverted architectures, while one lab went with a conventional architecture. The
charge transport layers chosen by the labs represented some of the most widely chosen ETLs and
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HTLs especially with zinc oxide as ETL and molybdenum oxide and PEDOT:PSS as commonly
chosen HTLs. TEIC choose a very moisture sensitive ETL with calcium, which is easily corroded
and therefore requires very good encapsulation. CEA choose a flexible substrate and a flexible
encapsulation scheme. The different devices also had different substrate layouts, with e.g. CEA
only having one cell per substrate, while UTV had 8 cells per substrate.
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Figure 18: Layer stacks for the different solar cells from the participating European labs.

In Figure 19 the ageing curves from the ISOS-L2 experiment performed at CEEC Jena are shown.
There is a large variation between the different manufacturers in regard to the device stability, as
well within one and the same manufacturer, as well as between them. The devices from UTV all
showed early catastrophic failures due to a break of encapsulation. Similar there were also breaks
of encapsulation for ICN2 samples, though they did not result in catastrophic failures, where
devices quickly decayed to zero percent efficiency. Though UTV devices quickly degraded they
showed the highest initial performance of all the manufacturers. This improved performance stems
mostly from an increased fill factor in comparison to the other manufacturers. As UTV being the
only manufacturer using PEIE as EEL the likely reason for this improved fill factor can be seen in
this EEL.

There 1s a well-established light soaking effect, where light soaking results in a performance
increase for ZnO when used as an ETL!®], This effect can be nicely seen in the course of the short
circuit current density over time during ISOS-L2 ageing seen in Figure 20 for devices processed
by EIT+. The initial increase in Jsc results from a change in work function upon UV
illumination!®l. A similar effect is just not seen for the fill factor and open circuit voltage of these
devices, as the shunt resistance is degrading at the same time and more quickly than the
improvement in the work function. This reduction in open circuit voltage and fill factor is due to a
reduction in charge carrier selectivity, as oxygen from the surface of the ZnO gets desorbed,
creating defect states!®> ). A similar effect for the CEA cells is not seen due to the UV cut-off
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filter used for these cells, while ICN2 showed an effect similar to the EIT+ cells, but only for P3HT-

I1, as the other cells were performing too poorly in other metrics to clearly see an impact from this
light soaking.

For the samples of TEIC there is an initial reduction in performance for all devices, i.e. a burn-in,
followed by a relatively constant, nearly linear decay rate. This secondary decay rate is likely
dominated by the degradation of the calcium layer between active layer and anode!®!, which is
easily oxidized by moisture ingress.
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Figure 19: Ageing results of the different solar cells aged under ISOS-L2 conditions from the different manufacturers. As can be
seen the shape of the ageing curve is dominated by the layer stack and not by the properties of the P3HT used for the active layer.
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In general, it can be stated that the shape of the ageing curve is strongly dominated by the overall
layer stack. This shows that for light ageing interfacial effects between active layer and the CTLs
and CELs determines the burn-in depth, as well as the degradation rate.

For all the manufacturers it was observed that they achieved the highest performance and lifetimes
with the P3HT batches they contributed themselves. Showing that the experience of the processor
with the respective batch is one of the most important factors to achieve a stable and well
performing device.
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Figure 20: Solar cell parameters of samples from EIT+ from ISOS-L2 ageing, a) Voc, b) Jsc, ¢) Fill Factor.

The overall lifetime parameters from the ISOS-L2 experiments are shown in Table 2. The by far
largest lifetime energy yield (LEY) was achieved by the cell from CEA with the P3HT batch CEA
itself provided. With a value of 53 kWh/m? it more than doubles the next best device, which was
from EIT+. Hence the highest achieved outputs of any device were from the devices using the
inverted structure. Clearly showing the superior stability under ISOS-L2 conditions for this layer
stack. The TEIC cells, which were the only ones using a conventional architecture show only a
LEY of less than a fifth of the best device.

The very fast and linear degradation of the UTV devices suggest the degradation process being
mostly dominated by photooxidation of the active layer, due to the already stated encapsulation
break. For all TEIC devices the burn-in is happening within the first 24 h of the ageing process,
this suggests a strong impact of the charge transport layer on this process. There is a documented
UV sensitivity for PEDOT:PSS®® as these are the only cells using PEDOT:PSS in a conventional
layer stack, this is the most likely reason for this initial burn-in, as for the CEA devices using
PEDOT:PSS it is on the one hand protected by the UV blocker in the device as well as by the active
layer if front of it.

Figure 21 shows the ageing kinetics of the solar cells aged at Solliance under ISOS-D2 conditions.
Except for the devices from EIT+ all the others degrade quiet severely over the course of the
experiment. The origin of this degradation is mostly in a massive reduction of the Jsc, which is
connected to the well-known morphological degradation of P3HT:PCBM blends under elevated
temperatures’>® 871, Where P3HT and PCBM start to crystallize and therefore de-mix, resulting in
a coarser phase separation, and less interfacial area with a reduction in exciton separation.

The results of EIT+ are interesting, as it is known that the charge transport layers can have an effect
on the vertical phase separation of the active layer blend?** 22> 8] The free surface energy of the
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CTLs is controlling which active layer component is preferentially separating towards which
electrode. From the results seen for the different blends this does not only seem to have an impact
on the surface, but can also restrain the horizontal phase separation in the bulk, at least at the given
thermal energies and over the time spans observed in the experiment.

The devices from TEIC also show a less severe degradation in Jsc than the devices of the other 3
manufacturers, i.e. CEA, ICN2 and UTV. And in contrast to these they do not show a fast bi-
exponential decay in Jsc, suggesting a different degradation mechanism. The degradation in Jsc for
the TEIC cells is nearly linear, which was reported in the past for a loss of electrode area!®], which
is well in line with a degradation of the Ca layer, which is very sensitive to moisture ingress. The
lack of burn-in these cells are showing under dark ageing, also strongly high lights that the likely
culprit for the burn-in seen for these cells in ISOS-L1 experiments is indeed the degradation of the
PEDOT:PSS layer by UV irradiation.
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Table 2: Calculated lifetime metrics for the various solar cells aged under ISOS-L2 conditions. LEY: Lifetime energy yield. (* -
lifetime was limited to the tenfold of the stressing time as experimental data showed constant low output, # catastrophic failure)

Manufacturer | P3HT Fit Es Ts Essoor Esop | Tssoor Tso | LEY
Batch function | (%) |(h) | (%) (h) (kKWh/m?)
CEA p Exp - - 2.32 2241 52.9
P Lin - - 0.55 355 2.16
P BiExp 0.56 172 0.44 826 4.44
BiExp 1.84 24 147 509 9.56
EIT+ P3HT-I P33 - - 0.93 229 2.39
P3HT-II QoS 144 16  1.15 1594 20.5
P3HT-III Q& - - 0.65 1088 8.01
P3HT-IV @B - - 0.53 1547 9.18
LogLin  0.85 180 0.56 784 5.81
ICN2 X)SUME BiExp 022 359 0.17 10000* 14.6
P3HT-II @3 - - 0.76 458 3.9
P3HT-III |8 - - - - _
P3HT-IV R - - 0.55 114* 0.70"
BiExp 0.15 437 0.12 7248 9.83
TEIC P3HT-1 RS 1.02 21 081 733 6.71
IX)SUBIMN BiExp 1.6 24 127 454 6.56
P3HT-III Q& - - 1.79 458 9.23
P3HT-IV QD) 147 11 1.26 546 7.71
BiExp 146 22 1.16 155 2.11
UTvV P3HT-I QB - - 0.91 347 0.35

P3HT-II [ - - - - 0
P3HT-III QEBW - - 2.43 17* 0.45
P3HT-IV BB - - 0.67 14% 0.1

Lin - - 3.62 40" 1.61
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Figure 21: Ageing curves from ISOS-D2 experiments performed by Solliance.

The ageing curves of the ISOS-O1 experiment are shown in Figure 22. This experiment was
performed during the winter time and to reduce degradation due to moisture ingress, cells were
placed indoor during the night. Under the O1 conditions EIT+ cells are the most stable, showing a
constant performance throughout the experiment. Interestingly their behavior is similar than under
L2, as they also show an increase in Jsc, combined with a reduction in FF. This strongly reinforces
the conclusions from the ISOS-L2 experiment, especially as a similar degradation was not observed
under ISOS-D2, where no UV light was present.
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Figure 22: Ageing curves for solar cells aged outdoor at the Negev desert campus of BGU.

The cells from TEIC also show a very similar behavior as in the ISOS-L2 experiment, with a fast
initial loss of performance, which stems from a reduction in Jsc and FF and an afterwards slow and
steady decay. As the degradation is again occurring so quickly and again light is involved the likely
culprit is the UV sensitivity of PEDOT:PSS. This generally shows that PEDOT:PSS clearly
performs very poorly in a conventional layer stack, where it is immediately exposed to UV light
and induces a fast reduction in performance. In an inverted layer stack, like for the devices
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produced by CEA the same effect cannot be seen, due to the UV filtering of the barrier material
that was used, as well as the UV filtering effect ZnO and the active layer would have additionally.

P4 Performance and Stability of Organic Solar Cells bearing Nitrogen

Containing Electron Extraction Layers

The focus of this study were various organic nitrogen bearing molecules and polymers as EELs
and to understand their structure-property-relationships and how these affect the performance and
stability of OPV devices. As stated in the introduction PEI is a commonly used EEL in organic
solar cells®™!. Its working mechanism is explained via its dipole moment, lowering the work
function of the electrode and therefor allowing for efficient electron extraction®’l. An advantage
of PEI is that it is a widely available polymer already in commercial use®’), a downside is its
cellular toxicity.
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Figure 23: Chemical structures of the organic electron extraction layers used in the study (a), b) layer stack of the solar cells that
were processed.

Therefor compounds were chosen for this study, which are non-toxic and actually are bio-
degradable and which also contain nitrogen bearing groups like amine groups, guanidine groups
and pyrrole rings, these compounds are shown in Figure 23. The OPV devices studied used a
conventional layer stack with PCDTBT:PC70BM. Especially interesting were the amino acids
studied, as in contrast to polymers they are circumventing the issue of batch to batch variations.
Further different variations of TiOx as ETL and devices without an ETL were studied as references.

In Table 1 the solar cell parameters for the OPV devices processed with the various EELs and ETLs
can be seen. The best performing devices were the ones using L-Arginine as EEL. A simple
methanol overcast, which was done, to be able to differentiate the impact from the nitrogen
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containing EELs, which were all prepared from methanol solutions and the effect of the EEL itself,
resulted on its own already in a significant performance improvement. The different TiOx layers
studied as reference system for stability and efficiency all performed worse than the best nitrogen
containing organic compound L-Arginine. Interestingly the Polylysine and the Lysine both
performed similarly well.

Table 3: Initial photovoltaic parameters of the solar cells processed with different electron extraction and electron transport layers.

EEL Voc Jsc FF PCE Rs Rsn
e ey en | @ | e
L-Histidine 83219 | 11.12+0.33 | 48.3+0.5 | 4.46+0.23 | 16.0+£1.8 1.05+0.06
L-Lysine 858+12 | 11.27+0.15 | 49.0+0.8 | 4.73+0.09 | 15.3+3.2 0.90+0.25
L-Arginine 869+7 10.99+0.34 | 51.3+1.0 | 4.89+0.12 | 12.0+£0.0 1.30+0.09
Poly-L-Lysine 850+22 | 11.06+0.37 | 49.8+1.7 | 4.68+0.42 | 13.3+1.5 1.26+0.06
P(MeOx4o-stat- 85749 10.11£0.20 | 46.5£2.4 | 4.02+0.17 | 13.8+1.5 0.98+0.13
AmOx10)
P(MeOx3o-stat- 854+18 | 10.65+0.50 | 50.0+0.0 | 4.55+0.26 | 14.0+3.6 1.22+0.06
AmOx20)
PMeOx20 795+16 | 10.20+0.12 | 44.8+0.5 | 3.62+0.03 | 16.3+1.3 0.92+0.05
No EEL 656+18 | 10.53+0.24 | 43.8+0.5 | 2.94+0.16 | 184.5+72.9 | 0.68+0.03
Methanol overcast | 772+9 10.80+0.20 | 45.8+0.5 | 3.814+0.14 | 10.3+0.5 0.98+0.05
on PAL (No EEL)
TiOx, Reference 670+£315 | 9.75£0.73 | 41.0+£10.7 | 3.00+1.77 | 11.3£1.0 0.69+0.49
TiOx, diluted 842+5 9.14+£0.08 | 44.5+1.0 | 3.45+0.07 | 17.5+1.3 0.97+0.05
TiOx, unannealed | 784+12 | 10.45+0.26 | 47.8+1.3 | 3.92+0.13 | 9.8%1.0 1.04+0.08

To gain an understanding how the variations in material properties of the EELs used, were affecting
the performance of the devices they were made with, these variations were compared with each PV
performance parameter. For the polyoxazolines, which varied in the amount of amine containing
side chains, this dependency is shown in Figure 24. The polymer with the 40% amine content in
side chains showed a 33% improvement in performance overall over the polymer without any
amine groups in the side chain, which is a quiet remarkable improvement. All solar cell parameters
improved with an increase in amine content in the side chains of the polymers. The increase was
smallest for the Jsc, as to be expected as it mostly stems from the capability of the active layer to
absorb photons and separate the resulting excitons into free charge carriers to be transported to the
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CTLs. A bigger impact was seen on Voc, FF and Rs, which are expectedly more affected by an
EEL, as an EEL might improve the contact to the electrodes, through helping to form an ohmic
contact, as well as that an EEL could passivate surface defects at the interface with the electrode.

Further, the impact of material properties of the amino acids and how they affected the device
performance was studied. The relevant varying parameter determined for the amino acids were the
dissociation constants of their nitrogen containing functional groups, especially of these groups not
attached to the alpha carbon, as these varied significantly.
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Figure 24: Photovoltaic parameters for the devices processed with the different polyoxazoline polymers with varying amine content

in the side chain.
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These correlations between dissociation constants and photovoltaic parameters are shown in Figure
25. The depicted photovoltaic parameters are the ones for which there was a clear correlation
between pK and the respective parameter. For Jsc and Rs;, there were none, though especially for
Jsc a correlation was also not expected. The pK was chosen as a property to compare against, as it
is a proxy for two interesting molecular properties, it is already tabulated for many compounds and
if not tabulated it can be easily measured. On the one hand it indicates the strength of the molecular
dipole, on the other hand it indicates the strength as a Lewis acid/base, which can be relevant in
terms of surface defect passivation.
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Figure 25: Correlation between dissociation constants of the various amine groups in the amino acids used for the EELs and their
respective photovoltaic parameters.

From Figure 25 correlations are clearly visible between the dissociation constant of the nitrogen
containing group on the side chain of the amino acids and the given photovoltaic parameters. For
the Voc, which follows the following equation:

kgT ]
Voo = —2 ln<ﬂ+1), (1)
q Jo

with n being the diode ideality factor, ks the Boltzmann constant, 7 the absolute temperature, ¢ the
elementary charge and J the dark saturation current density. As there was no significant increase in Jsc for
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the different amino acid EELs either n increased or Jy got reduced. Though » and Jj are not entirely
independent parameters, as the diode ideality factor represents the dominant mode of recombination and
any deviation from 1 by necessity means there are additional recombination mechanisms beyond band to
band recombination, which cannot be turned off and is therefore the absolute baseline for recombination.
This requires that for any real solar cell an n different from one will also result in an increase in Jy. As
literature is generally considering values between 0.6 and 2 as physically meaningful values® for the diode
ideality factor a change in Jy will affect the Voc more strongly than a change in n. As Jy can vary over a
larger space than n. Therefor the increase in Voc is likely due to a reduction in Jy. For the FF there is also a
clear increase in FF with increase in pK, the fill factor is representing the equilibrium between generation
and recombination and follows the following equation:

11 V(P'=0)+IRg\ V+IRg
V(P —0)(1L Ioexp(q kT Rsn

%ln(lf—oc+ 1)‘]SC

FF =

()

with I; being the photocurrent. As in the case of the Voc already mentioned there is no significant
change in Jsc, hence this cannot be the relevant factor. There is no significant change in shunt
resistance either, but there is a significant change in series resistance, with a reduction, i.e.
improvement, of it with an increase in pK. As Iy is likely also reducing for increasing pK, as already
stated for the Voc, this is likely also a contributing factor in this case. The series resistance as
already stated also sees a clear improvement, this suggest a better contact between active layer and
electrode with an increase in pK.

From the observations so far and what is reported in literature the increasing pK should coincide
with an increasing molecular dipole®*¥). A stronger molecular dipole should result in a larger shift
of work function, hence the work function was measured, for these results see the original
manuscript. There was no significant shift in work function with the increase in pK. Hence this is
likely not the mechanism that played a major role for the effect seen. The alternative explanation
is the ability of the different amino acids to function as electron pair donators, 1.e. Lewis bases.
With an increase in pK their ability to donate an electron pair increases. Therefor they can more
efficiently interact with the Al electrode and passivate defect states at the interface between Al and
active layer, see Figure 10.

Finally, in Figure 26 the ageing curves of the hero devices are shown, as well as in Table 4 their
lifetime parameters are given. All devices showed a very quick burn-in phase on a scale of 100 h,
this basically identical burn-in time suggests the burn-in is only weakly influenced by interfacial
processes at the anode. As for PCDTBT:PC71BM it is documented in literature that under ageing a
broadening of the density of states (DoS) occurs®!, which is connected to a burn-in in the open
circuit voltage, which is precisely what can be seen in the experimental data, this is the most likely
culprit also for the burn-in observed by the devices. For all the devices with TiOx as an ETL an
increased long-term stability can be observed. For all these samples especially FF, Voc and for
both of the annealed devices also the Rsy showed a significantly increased stability over all the
organic EELs and no EEL. As these parameters are all sensitive to changes in /y, an increase in
stability of the interface between active layer and electrode is the likely origin of the improved

lifetimel3”).
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Another interesting observation is that a sole overcast with MeOH already results in significant
increase in overall lifetime by 14.5% with an even larger increase in LEY due to the boost in initial
performance. This overall increase is due to a slight reduction in burn-in, as MeOHs mechanism
of action during the washing step with it could stem from a removal of impurities, this could also
explain the reduction in burn-in. The device with the MeOH treatment also shows the lowest overall
increase in series resistance during the burn-in suggesting a very stable interface between anode
and active layer.

The organic EELs all performed more poorly than the inorganic ones, though of the amino acids,
histidine, which showed the lowest performance improvement, showed the longest lifetime, as well
as the largest LEY. Suggesting a potential stabilization effect from the reduced pK. As for the amino
acids and their lifetime the exactly different effect can be seen between lifetime and pK as can be
seen between performance and pK. A possible explanation for this observation is that the
carboxylic group of the amino acids reacts with the Al to form H, and AI** Tons. For such a case
the stronger Lewis acid would also present the stronger ligand for said ions, this could result in an
easier mobility of the complexed ions into the active layer. Beyond that the polylysine performed
very similar in stability to its monomeric counterpart, suggesting no significant advantage for the
polymer in such a case.
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Figure 26: Ageing curves of the OPV devices with various EELs and ETLs under ISOS-L1 conditions.

Concluding it can be stated that amino acids, though not showing the same stabilizing effect as TiOx, can still be an interesting
alternative to it for cheaper and disposable applications. Where their superiority in easy processing as well as low price and bio-
degradability can be of advantage. Also, there is a clear anti-correlation between stability and performance in regards to the Lewis
basicity of the given organic compounds used in this study, suggesting at least in case of amino acids a compromise has to be chosen
between these parameters.
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Table 4: Lifetime parameters of OPV devices with various EELs and ETLs aged under ISOS-L1 conditions.

ETL/EEL Burn-In Time Lifetime, ts go Standard LEY Standard
b Deviation Deviation
[h] " [kWh/m?]

[h] [kWh/m?]

L-Histidine ~100 1966 847 59.8 34.7

L-Lysine ~100 1614 614 49.6 17.6

L-Arginine ~100 1187 162 38.5 6.7

Poly-L- ~100 1434 188 45.8 4.9

Lysine

P(MeOx40-

stat- ~100 1084 184 25.7 59

AmOXm)

P(MeOx30-

stat- ~100 1546 270 453 6.5

AmOx20)

PMeOx20 ~100 1409 291 36.4 8.5

No EEL ~100 1347 257 29.4 5.2

Methanol

overcast on

PAL (No ~100 1542 284 42.8 8.4

EEL)

TiOx, ~100 2703 1235 81.9 31.1

Reference

TiOx, diluted ~100 1812 434 44.6 9.8

TiOx, ~100 1226 398 394 12.6

unannealed

P5 An effective method of reconnoitering current-voltage (IV) characteristics of

organic solar cells
In the following chapter a newly developed analytical tool for the interpretation of current-voltage
(IV) curves is presented. It was developed from the work presented in this thesis, the initial
encouragement for this method came from the experiments done for the manuscript presented in
the previous chapter. The IV curves of devices treated only with methanol showed a peculiar
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feature, seen in Figure 27 a) for the cast while spinning the device, the feature is marked with a
green oval. Further follow up experiments were done to see the effect of longer methanol treatment,
i.e. methanol was not only dropped on the active layer during spinning, but was dropped on the
PAL, while the device was resting and after the respective time was spun off. Also, a reference
without any methanol treatment was manufactured. All these 7V curves are shown in Figure 27 a).
For the untreated device there is a very obvious S-shape in the IV curve for the 30 s and 1 min
treated devices there is no S-Shape at all visible, while the spinning while casting device shows a
subtler feature with a weak change in curvature. To obtain a clearer picture the /V curves were
derived two times, as any S-shape, i.e. inflection point, would show a crossing of the voltage axis
in the second derivative. Hence in Figure 27 b) the second derivative of the I} curves is shown.
And indeed, only the device without any methanol treatment shows a crossing of the voltage axis,
while all other show no such crossing. For the 30 s and / min methanol treated devices the second
derivative shows only a peak, which than starts to level off towards larger forward biases. The
device that was obtained via methanol treatment during spinning showed a peculiar double peak
feature.

a) 10 e e b) 400 e e
—— No Methanol —— No Methanol
Cast while spinning Cast while spinning
—— 30 sec 300 4—— 30 sec i
. 9q——1min - —— 1 min
< —
% % 200 1 ]
g 0 >
3 y & 100 ]
-5 é ] ;
14 \Wj
-10 -100

220 15 -1.0 05 00 05 10 15 2.0 220 15 -1.0 -05 00 05 10 15 2.0
Voltage [V] Voltage [V]

Figure 27: The active layer of OPV devices was treated with Methanol, by dropping Methanol on the active layer and spinning it
off; a) shows their IV curves and b) the second derivatives of the IV curves shown in a). The green oval marks the region, whose
curvature is deviating from the rest of the exponential equation for the “cast while spinning” device.

As the investigation of defective behavior in the 7V curve via the usage of its second derivative was
not reported in the literature so far and to further understand and study simulations via Simulation
Program with Integrated Circuit Emphasis (SPICE) were performed. SPICE is any easy to learn
tool to simulate the Shockley Diode equation very quickly, this allows for a broad accessibility.
The Shockley equation with series resistance and shunt resistance is:

3)

V+IR5) V+IRg

I =1, —Iyexp (q kT

Rsp

The equivalent circuits used for these simulations can be seen in Figure 28. The generally most
basic equivalent circuit for any solar cell is shown in Figure 28 a) and consists of a current source
(I1) representing the photocurrent, a diode (D1) representing the junction, a shunt resistance (R1)
representing the resistance against recombination across the active layer of the solar cell and a
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series resistance (R2) representing the ohmic resistivities of the individual layer plus the contact
resistances between the individual layers. The circuits shown in Figure 28 b), ¢) and d) are the
respective circuits used to study the impact of the dark saturation current /y, the diode ideality factor
n, the series resistance Ry and the shunt resistance Rsy, on the second derivative.

a) R2 b)
™ I—/\é\/— »
11 D1 R1 Vi 1 D1 V1
A doNor e
I D TV D TV
V4
D1 R1 VA
Vo S
D Vv

Figure 28: Equivalent circuits used for the SPICE simulations done to understand the impact of individual parameters of the
Shockley-Diode-Equation, a) Most basic equivalent circuit for a solar cell, b) equivalent circuit used to study the impact of lo and
n, ¢) equivalent circuit used to study the impact of the series resistance, d) equivalent circuit used to study the impact of the shunt
resistance.

The simulation results of the aforementioned equivalent circuits seen in Figure 28 b) to d) are
shown in Figure 29. In Figure 29 a) the simulation results for the variation of 7y are shown. With a
reduction of /y the diode opens up at larger voltages, as does the second derivative which also just
increase at larger forward biases. As the Shockley equation without resistive terms remains a
simple exponential equation its second derivative will also remain an exponential equation though
with a different pre-factor, i.e. with different scaling. For b) where n was varied, an increase in n
results in opening of the diode at larger forward biases and again in conjunction with this the second
derivative also only starts to increase at larger forward biases. Again, in this case the Shockley
equation does not contain any additional resistive terms, i.e. it is also a simple exponential equation
and the same will be true as for the /) variation. Next the Rs was varied and these results can be
seen in Figure 29 c) the second derivative shows here a very interesting feature, as a peak is
appearing resembling the features seen in Figure 27 b). This can be easily understood by
considering what the second derivative represents. The second derivative presents the change in
conductivity with applied bias. A diode is showing increasing conductivity with increasing bias.
On the other hand, an ohmic resistor shows no change in conductivity with changing bias, as its
conductivity is a constant value. The peak can then be easily understood as the interaction between
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the diode in the circuit with the series resistance, representing an ohmic resistor, while the diode is
turning on the conductivity starts to rise with increasing bias. At a certain point the ohmic resistance
starts limiting this increasing conductivity and when the ohmic resistor starts to entirely takeover
the device resistance the second derivative has to return to zero. Finally, in Figure 29 d) the results
for the simulation where shunt resistance was varied is shown. For the shunt resistance variation,
no change in the second derivative is visible at all. This can be easily understood when looking at
Equation 3, as the shunt resistance is just a part of a linear term, it will disappear after deriving the

equation twice.
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Figure 29: Results of SPICE simulation of the basic circuits shown in Figure 28 b) to d). a) Impact of o, b) Impact of n, c) Impact
of Rs, d) Impact of Rsh.

From the addition of a Rs to the circuit interesting interactions were seen, which were able to
qualitatively reproduce the results obtained experimentally in Figure 27. This spawned interest in
studying how the diode parameters interact when a series resistance is present in the circuit, hence
further simulations were done using the circuit shown in Figure 28 c), though keeping Rs constant,
while varying Iy and n independently. The results of these simulations are shown in Figure 30, with
a) showing the variation of the » and b) the variation of /y. For the variation in n one can observe
two major effects on the second derivative a smaller # results in a more narrow and higher peak.
This peak also is at lower voltage for a smaller n, the increase of n than shows three effects, the
broadness of the peak increases, its height reduces and the peak position moves toward higher
voltages. For the dark saturation current variation only one effect is visible, the peak position moves

towards larger forward biases, besides this effect the peaks are identical.
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As some basic understanding was gained how simple equivalent circuits affect the second
derivative of solar cells and being able to qualitatively reproduce the effects seen in the well
working solar cells seen in Figure 27. Another model of an equivalent circuit was developed to
understand the origin of certain defects seen on the experimental solar cells. This model can be
seen in Figure 31 and shows a model with two diodes with associated contact resistances (R1 and
R2). The parameters of the diodes were chosen in a way, that one diode behaves well, i.e. low Iy
and an n of /, while the other performs poorly, i.e. larger Iy and an » of 2. Additionally, the ratio
between R1 and R2 was varied to modify how well each of the parallel diodes has contact with the
electrodes, with the well performing diode always having a lower resistance than the defective one.
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2.5
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— n=0.6 2.0 . —I=1E-5
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o —n=12 T a5 _:D'E';g 2]
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3 0025] |—n-16 103 3 00251 105 3
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Figure 30: Simulations to study the combined impact of diode parameters and series resistance, a) constant series resistance and
dark saturation current, but variation of diode ideality factor, b) constant series resistance and diode ideality factor, but variation
of the dark saturation current.

Figure 32 shows the simulation results for the defective devices. In a) the IV curves for the
simulations where the contact resistance of the defect inducing diode was varied are shown. The
IV curves containing a defective diode are nearly all identical, except for around the maximum
power point (MPP), the inset shows the region around the MPP enlarged and it can be seen that the
IV curves for the devices with a lower contact resistance start to lose more and more FF, i.e. more
and more current is recombining over the defective diode. Figure 32 b) shows the respective second
derivatives for these /7 curves and every device which was modeled with a defective diode shows
a double peak, where the second peak towards lower voltages is represented as a shoulder to a main
peak. With an increase in resistance ratio, i.e. an increasing contact resistance of the defective diode
in respect to the contact resistance of the good diode, the shoulder peak reduced more and more in
size and moved more towards lower voltages. Also, the main peak increased in size, while staying
at the same position.
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Figure 31: Equivalent circuit used to understand how defects and aberrative behavior in solar cells might be modelled in SPICE
and what causes the effects seen in Figure 27.

The IV curves shown in Figure 32 c) are for the simulations where the contact resistance ratio
between the two diodes was kept the same, but the /) of the defective diode was increased. The
curves show two main effects, first the increase in Iy results in a loss of Voc, second also the FF is
reducing more and more. The respective second derivative can be seen in Figure 32 d), where also
a main peak with a shoulder can be seen. Though this shoulder only really forms when the I
increases to a value of /E-10 A, i.e. 10 orders of magnitude larger than the 7y of the good diode.
With increasing /y of the defective diode the shoulder moves further and further towards lower
voltages.
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Figure 32: Simulation of defective IV curves with the equivalent circuit shown in Figure 31, a) IV curves for the variation of the
contact resistance associated with the defective diode, b) second derivatives of the IV curves from a), c) IV curves for the variation
of the Iy of the defective diode, d) second derivatives of the IV curves from c).

With the simulations so far, it was quiet well possible to qualitatively reproduce the IV curves seen
in Figure 27. Though there are still two major issues, the first issue is the values do not agree
quantitatively, to address this issue various equivalent circuits were simulated consisting of
multiple sub-solar cells shorted with each other, to represent on the one hand the distributed nature
of the series resistance of a real solar cell. On the other hand, it also allows to look for effects of
inhomogeneity within the device, as not every spot on the solar cell will behave exactly the same.
The second effect so far not seen in the simulations but appearing in the experimental data, is that
the second derivative does not entirely return to zero, but tends towards a constant value at
increased forward biases. A possible reason for this effect could be limitation by space charge
limited current, but further investigations on this effect are ongoing.
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Figure 33: SPICE simulations of OPV devices with distributed solar cell parameters, i.e. multiple sub-solar cells shorted with each
other, presenting the distributed nature of the series resistance and other parameters of the device. a) IV curves (solid lines) and
second derivatives (dashed lines) for the variation of the number of diodes in the model. The global series resistance was kept
constant. b) IV curves (solid lines) and second derivative (dashed lines) for the various 9 diode models where individual parameters
of the sub-solar cells were varied.

In Figure 33 the results for the SPICE simulations with multiple sub-solar cells can be seen. In a)
the number of sub-solar cells was steadily increased. One can see from this simulation, as long as
the chosen parameters are basically resulting in the same global 7V curve, the overall peak height,
position and width barely changes, as the peak height is significantly higher than any height
measured, this suggests that in a real device the values are more broadly distributed. So, in b) a
broader distribution of parameters for the sub-solar cells was chosen. The variation of series
resistances was chosen in a rather narrow window, as this is mostly dominated by the electrodes
and should therefor usually not differ over many orders of magnitude. And the chosen variation
indeed did not result in a large change in the /" curve and the second derivative. For the Iy and »
much larger variations were chosen and the resulting second derivative showed a multitude of
peaks with a generally also way reduced peak height. Though this multitude of peaks did not
resemble any of the measured devices, this still allows for some interesting insights. It shows that
the distribution of values is more continuous in a real device, as to be expected, and that it usually
does not vary over a large range, except for cases with defects, which seem to usually be far away
in values of the here studied parameters from the main distribution. For the last pair of IV curve
and second derivative seen in b) a smaller variation of /p was chosen. And indeed, a slight
broadening, as well as a reduction in peak size is visible in this case, suggesting that for real devices,
which can be treated as thousands of shorted equivalent circuits, a broad and continuous
distribution of series resistances and diode parameters, would sufficiently reduce and broaden the
peak.

For some further applications of the here presented method IV curves of devices aged under ISOS-
L1®% conditions are shown in Figure 34. The two devices shown already have had slight
differences in their initial behavior, which is well visible by looking at their respective second
derivatives seen in b) and d). The device in b) already shows some blocking behavior at the
beginning of the experiment. Such partial or total blocking behavior was also simulated and these
simulations are shown in Figure 35 and will be explained in detail later on. The device shown in
Figure 34 a) is developing an S-shape at around /5 4 ageing time, this can be easily seen in the
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second derivative in b), though as all devices show at higher forward biases a bias dependent
increase in conductivity, the 7V curve slopes up again, which is seen in the second derivative as a
constant value larger than zero. On the other hand, the device whose 7V curves and their second
derivatives are shown in ¢) and d) are only showing the bias dependent conductivity increase at
large forward biases visible in the second derivative as a constant value again, though there is no
dip in the second derivative between the peak and the plateau. This dip visible in b) is the already
existing partial blocking contact, which will be further discussed.

a) 0.045==r— b) 0.12 ;
0.040 = 8-1(1)
0.035 0.09
= 0.0304 £ 0.08
= 0025] 8.82
() 1 . a
E 0.020 0.05
O 0.0154 0.04 Al
0.010 0.03 2 ‘

] 0.02
Y
Q004 B 0.00 N g
-0.005 = I_ ;Ii' I’ _4"!_ T T T -0.01 rl' v‘I T T T T

20 -15 -1.0 -05 0.0 05 1.0 15 20 2.0 -15-1.0 -05 0.0 05 1.0 15 20

Voltage [V]

C) 0045 T T T T d 012 T
0.040 4 ) 8-1(1)
0.035- 0.09

= 0.030- 0.08

= 0.025- > 007

S @, 0.06

[} E —

2 0.020 > 005

O 0.0154 O 004
0.010 0.03

0.02
0.01

— 0.00 RN
I—-I——Iii-’r"- T T T = 1 T T |VI T T
-20 -1.5 -1.0 -05 0.0 05 1.0 15 20 -20 15 -1.0 -05 0.0 05 1.0 15 20
Voltage [V] Voltage [V]

Figure 34: IV curves and their respective second derivative for PCDTBT:PC71BM devices with a conventional layer stack that were
aged under ISOS-L1 conditions via the usage of white light LEDs. The whole measurement time was the first 24 hours of a longer
experiment, the interval between each curve was 30 minutes. For the second derivative some of the curves are depicted with 90%
transparency to better see the general trend, as due to the increase in noise upon numerical derivation underlying curves were
hardly visible. a) Example of solar cell developing an S-shape within the first 24 hours of ageing, b) the respective second derivatives
to a). ¢) Example of a solar cell remaining free of an S-shape within the first 24 hours of ageing, d) respective second derivatives
to c).

Additional simulations were performed and are shown in Figure 35. For these simulations an
equivalent circuit containing a current source, a series resistance, a shunt resistance and 4 diodes
were modelled, to each diode one by one another diode was placed in series in blocking direction,
this second diode had a significantly larger Iy value, i.e. showed much poorer blocking properties.
In a) the respective IV curves are shown and one can see that for a device with only a quarter or
even half of the diodes being blocked by counter diodes a deviation of the /7 curve in forward
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direction from the device without any counter diode is barely visible, especially without any
comparison to a device without any counter diode properties. Though when comparing this to b)
where the second derivative of the /V curves from a) are presented the blocking properties for a) in
the case of 1 and 2 counter diodes is already easily visible. Returning now to the 7V curves of the
aged devices seen in Figure 34 a dip in the second derivative at large forward biases can be well
explained with the formation of a partial counter diode, this counter diode can either be explained
with the formation of a blocking layer or with a detrimental doping profile, which would result in
an unfavorable energy landscape for charge carrier extraction2%2,
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Figure 35: Results of SPICE simulations with counter diodes. Equivalent circuit consisted of 4 parallel diodes with identical
parameters, which were one by one put into a series connection with diodes in reverse direction, which showed a very poor blocking
behavior. a) the IV curves for each equivalent circuit, b) the respective second derivatives.

Such behaviors as descripted in this chapter are often connected with the interfacial layers, by either
these layers themselves showing degradation, which for example is known for PEDOT:PSS, which
on the one hand is sensitive to UV irradiation, but can generate additional doping, via the etching
of adjacent layersP’™ %61, Also, metal oxides with known properties as photocatalysts, like zinc
oxide or titanium oxide, can result in an increase in traps at the interface!®], altering the n of the
device, which would be more strongly visible in the second derivative. Though the aforementioned
effects are not resulting in a unique signature in the second derivative of the IV curve, it is based
on data already collected in any way and the analysis of it can allow for a faster and more focused
decision on which methods to further apply, to gain a better insight on where degradation occurred.

7 Summary

Organic photovoltaics present a great opportunity to decarbonize the worlds energy generation.
Due to their versatility in terms of colors, mechanical flexibility, light weight, containing abundant
elements and the inherent flexibility of organic chemistry, on which they are based, they could
allow for fast deployment of photovoltaics in hitherto not seen scenarios and at massive scales in
potentially very short times. They have by now reached efficiencies of 14% on the scale of small
modules though they are unfortunately still lacking behind other PV technologies, though a-Si
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modules, which still have niche applications like semi-transparent glassing actually has lower
efficiencies. Beyond efficiency long lifetimes have been presented even for the latest high
performing materials extrapolated under illumination of up to 30 years. This is especially important
as manufacturers of silicon solar modules, which are the current industry standard, give warranties
for 25 year, against which any newcomer will be evaluated against.

By now there is also a broad understanding of the fundamental processes in organic solar cells.
This applies to how charges are generated, as well as how they degrade. Though the broad strokes
are well understood, there are many fine details still to be etched out, which will be important to
further develop OPV in a more focused manner. As at present much of their development is still
primarily driven by serendipitous exploration of new materials and processing methods. Especially
in terms of the active layer materials. But beyond active layer materials also charge transport layers
have gained a lot of focus in the resent years, as they can greatly impact stability and performance
as well.

In the first two chapters covered in this thesis a way forward for the commercialization of OPV is
presented. This suggested path, which is the application of OPV in semi-transparent photovoltaic
polytunnels. Such an application would bring several synergies for energy and food production. As
solar energy is not very concentrated it requires a large footprint, when it is possible to make the
same land usable for agriculture and energy generation, without any compromises for the food
production, land can be easily and cheaply accessible. OPV can allow for this with its possibility
to mostly collect the NIR portion of the solar spectrum, while leaving the visible portion for the
plants. This comes with the added advantage of a more efficient water household for the plants, as
well as a potentially higher photosynthetic yield. Further a calculation for the potentially achievable
efficiency is presented, which can reach up to 18%. Also, it is shown that there are potentially
already many active layer compounds presented in the literature, which have a sufficient
transmissivity in the visible portion of the spectrum to be well suitable for agrivoltaics applications.
Following this chapter, the second one builds on this idea and is presenting for a bunch of widely
used charge transport layers how well they are suited for agrivoltaics applications. And is able to
show that a few of the well-known transport layers from the OPV as well as the perovskite PV field
are well suitable for such an application. Some are especially suited, like ZnO due to their UV
filtering ability, which can reduce stress on plants and therefore increase yields.

Chapter three is presenting the results of a large international interlaboratory study, where a broad
array of OPV layer stacks was compared with each other in various ageing experiments. The results
of this study are showing that in general packaging of OPV is very important, as several devices
had shown encapsulation breaches which resulted in premature failures of the devices. In case of a
good packaging the devices with the highest lifetime energy yield were the ones with inverted layer
stacks, which is partially not all too surprising as inverted layer stacks were originally introduced
to increase the stability of OPV devices. The study showed also the importance of the choice of
CTLs in regard to stability, as CTLs can even affect the long-term morphological stability of the
active layer, as variations in the surface free energy of the CTLs will have an impact on vertical
active layer stratification. For metal oxide ETLs the study again showed, for the case of zinc oxide,
that UV filtering positively impacts the stability, as this reduces the photocatalytic ability of metal
oxides like zinc oxide, but also titanium oxide.
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In chapter four an array of various nitrogen containing organic electron extraction layers were
studied and compared with a more standard electron transport layer the metal oxide titanium
dioxide. The various organic EELs were the basic amino acids L-Histidine, L-Lysine and L-
Arginine, as well as the polymer Poly-L-Lysine and three different Polyoxazolines. It was possible
to show that the amino acids as EELs actually performed very well and in the case of L-Arginine
performed even better than the TiOx ETLs. Several correlations were found between material
characteristics and solar cell performance. For the Polyoxazolines, which varied in their amine
group content a correlation between said amine group content and the solar cell performance was
found. While for the amino acids a correlation between the pK of the nitrogen containing functional
groups in their side chain and the solar cell parameters were found. These two findings combined
indicated that stronger Lewis bases perform better as EELSs, as the stronger the Lewis basicity, the
better the passivation of surface states at the interface between active layer and electrode. Also, the
stability of devices with said ETLs and EELs were studied. The highest lifetime energy yield was
achieved with the TiOx reference ETL, though the L-Histidine achieved a value that was also
respectable. For the Polyoxazolines no clear correlation between material parameters and stability
was found, though that is usually complicated in polymers, as their properties also depend on
measures like dispersity and molecular weight. For the amino acids on the other hand a reduced
stability was found for increasing pK, i.e., an anti-correlation in regard to their performance.
Suggesting that a higher Lewis basicity might also lead to a lower stability, due to the potentially
higher reactivity. Nonetheless it was possible to show that the in general environmentally friendly
and bio-compatible organic EELs chosen in this study, can perform well in OPV devices and might
present a cheap and environmentally friendly option for certain applications.

In the fifth and final chapter a new method is presented, which allows for a quick and easy analysis
of already existing current-voltage(IV)-characteristics, which represents the most basic
characterization for any solar cell. Studying the second derivative of the IV curve can easily reveal
aberrations in the device characteristics, easily overseen in the IV curve itself. The second
derivative itself represents the bias dependent change in conductivity of a device. Via connecting
said measurements with simulation results from SPICE performed on various equivalent circuits it
was possible to show that different defects can only be well modelled by various diodes in parallel
with different diode parameters, suggesting different and parallel contact conditions between active
layer and the electrodes. Other defects were well recreated by combining multiple diodes in
parallel, where some were successively blocked by counter diodes, while others remained
undisturbed. Due to the simplicity of the method and the wide availability of data it can be easily
employed to quickly analyze defects and allow for a more focused and through study of the
involved mechanisms. It can also be used as an early warning system during degradation
experiments to interrupt them and give devices a more thorough study shortly before and after for
example the formation of blocking contacts.

In the course of this thesis a strategy for the commercialization of organic photovoltaics was
presented, which makes optimal use of its properties. A certain topic of this strategy, i.e. the
development of suitable charge transport layers was selected. Following the impact of various
charge transport layers on solar cell performance and stability were discussed and for certain
categories of these materials general properties could be extracted, which can be used to predict
their suitability in regard to performance and stability. Last a new method was developed and
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shown for several examples, which should help reducing the time required to thoroughly study
OPYV devices and the factors limiting their performance and stability. Though still there is much to
do in the future to optimize various processes and materials there is potentially a bright future
ahead, which can result in a more environmentally friendly generation of energy, while not entirely
wrecking natural habitats or having to give up the comforts of civilization.

8 Zusammenfassung

Die organische Photovoltaik bietet eine grofe Chance zur Dekarbonisierung der weltweiten
Energieerzeugung. Aufgrund ihrer Vielseitigkeit in Bezug auf Farben, mechanische Flexibilitét,
geringes Gewicht, reichlich vorhandene Elemente und die inhdrente Flexibilitdt der organischen
Chemie, auf der sie beruhen, konnten sie einen schnellen Einsatz der Photovoltaik in bisher
unbekannten Szenarien und in groBem Malstab in potenziell sehr kurzer Zeit ermdglichen. Sie
haben inzwischen Wirkungsgrade von 14 % bei kleinen Modulen erreicht, auch wenn sie leider
noch hinter anderen PV-Technologien zuriickbleiben. Uber den Wirkungsgrad hinaus wurden
selbst fiir die neuesten Hochleistungsmaterialien lange Lebensdauern von bis zu 30 Jahren unter
Beleuchtung extrapoliert. Dies ist besonders wichtig, da die Hersteller von Silizium-Solarmodulen,
die derzeit der Industriestandard sind, eine Garantie von 25 Jahren gewihren, an der sich jeder neue
Marktteilnehmer messen lassen muss.

Inzwischen gibt es auch ein breites Verstindnis der grundlegenden Prozesse in organischen
Solarzellen. Dies gilt sowohl fiir die Erzeugung von Ladungen als auch fiir ihre Zersetzung.
Obwohl die groben Ziige gut verstanden sind, gibt es noch viele feine Details, die wichtig sind, um
OPV gezielter weiterzuentwickeln. Gegenwirtig wird ein Grofteil ihrer Entwicklung noch durch
die zufidllige Erforschung neuer Materialien und Verarbeitungsmethoden vorangetrieben. Dies gilt
insbesondere fiir die Materialien der aktiven Schicht. Neben den Materialien fiir die aktive Schicht
sind in den letzten Jahren aber auch die Ladungstransportschichten in den Blickpunkt gertickt, da
sie ebenfalls einen groflen Einfluss auf die Stabilitit und Leistung haben konnen.

In den ersten beiden Kapiteln dieser Arbeit wird ein Weg fiir die Kommerzialisierung von OPV
vorgestellt. Dieser vorgeschlagene Weg ist die Anwendung von OPV in halbtransparenten
photovoltaischen Polytunneln. Eine solche Anwendung wiirde mehrere Synergien fiir die Energie-
und Nahrungsmittelproduktion bringen. Da die Solarenergie nicht sehr konzentriert ist, bendtigt
sie eine groBe Fliche. Wenn es moglich ist, dieselbe Flache fiir die Landwirtschaft und die
Energieerzeugung zu nutzen, ohne Kompromisse bei der Lebensmittelproduktion einzugehen,
kann die Fldche leicht und kostenglinstig zugédnglich sein. Die OPV kann dies ermdglichen, da sie
hauptséchlich den NIR-Anteil des Sonnenspektrums auffingt und den sichtbaren Teil fiir die
Pflanzen tibrig ldsst. Dies hat den zusitzlichen Vorteil eines effizienteren Wasserhaushalts fiir die
Pflanzen sowie eines potenziell hoheren photosynthetischen Ertrags. Ferner wird eine Berechnung
des potenziell erreichbaren Wirkungsgrads vorgestellt, der bis zu 18 % betragen kann. Es wird auch
gezeigt, dass es in der Literatur bereits viele aktive Schichtverbindungen gibt, die eine ausreichende
Transmissivitdt im sichtbaren Bereich des Spektrums haben, um fiir Anwendungen in der Agro-
Photovoltaik gut geeignet zu sein. Das zweite Kapitel baut auf dieser Idee auf und zeigt fiir eine
Reihe von weit verbreiteten Ladungstransportschichten, wie gut sie fiir Anwendungen in der
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Agrovoltaik geeignet sind. Und kann zeigen, dass einige der bekannten Transportschichten aus
dem OPV- sowie dem Perowskit-PV-Bereich gut fiir eine solche Anwendung geeignet sind. Einige
sind besonders geeignet, wie z.B. ZnO aufgrund ihrer UV-Filtereigenschaften, die den Stress fiir
die Pflanzen reduzieren und somit die Ertrage erhdhen konnen.

In Kapitel drei werden die Ergebnisse einer groflen internationalen Ringversuchsstudie vorgestellt,
bei der eine breite Palette von OPV-Schichtstapeln in verschiedenen Alterungsexperimenten
miteinander verglichen wurde. Die Ergebnisse dieser Studie zeigen, dass die Verpackung von OPV
im Allgemeinen sehr wichtig ist, da mehrere Gerite Verletzungen der Verkapselung aufwiesen, die
zu einem vorzeitigen Versagen der Geridte fiihrten. Im Falle einer guten Verpackung waren die
Gerite mit der hochsten Lebensdauerenergicausbeute diejenigen mit invertierten Schichtstapeln,
was teilweise nicht allzu tliberraschend ist, da invertierte Schichtstapel urspriinglich eingefiihrt
wurden, um die Stabilitdt von OPV-Geriten zu erhohen. Die Studie zeigte auch, wie wichtig die
Wahl der CTLs im Hinblick auf die Stabilitdt ist, da die CTLs sogar die langfristige
morphologische Stabilitdt der aktiven Schicht beeinflussen konnen, da Schwankungen in der freien
Oberflachenenergie der CTLs Auswirkungen auf die vertikale Schichtung der aktiven Schicht
haben. Fiir Metalloxid-ETLs zeigte die Studie im Fall von Zinkoxid erneut, dass sich die UV-
Filterung positiv auf die Stabilitit auswirkt, da sie die photokatalytische Fahigkeit von
Metalloxiden wie Zinkoxid, aber auch Titanoxid verringert.

In Kapitel vier wurde eine Reihe von verschiedenen stickstofthaltigen organischen
Elektronenextraktionsschichten untersucht und mit einer Standard-Elektronentransportschicht,
dem Metalloxid Titandioxid, verglichen. Die verschiedenen organischen EELs waren die basischen
Aminosduren L-Histidin, L-Lysin und L-Arginin sowie das Polymer Poly-L-Lysin und drei
verschiedene Polyoxazoline. Es konnte gezeigt werden, dass die Aminosduren als EELs tatsdchlich
sehr gut abschnitten und im Falle von L-Arginin sogar besser als die TiOx-ELs. Es wurden mehrere
Korrelationen zwischen den Materialeigenschaften und der Solarzellenleistung festgestellt. Bei den
Polyoxazolinen, die sich in ihrem Amingruppengehalt unterschieden, wurde eine Korrelation
zwischen dem Amingruppengehalt und der Solarzellenleistung festgestellt. Bei den Aminosduren
wurde eine Korrelation zwischen dem pK-Wert der stickstofthaltigen funktionellen Gruppen in der
Seitenkette und den Solarzellenparametern festgestellt. Diese beiden Ergebnisse deuten darauf hin,
dass stirkere Lewis-Basen als EELs besser funktionieren, denn je stirker die Lewis-Basizitit, desto
besser die Passivierung von Oberflichenzustinden an der Schnittstelle zwischen aktiver Schicht
und Elektrode. Auflerdem wurde die Stabilitdt von Bauelementen mit den genannten ETLs und
EELs untersucht. Die hochste Lebensdauerenergieausbeute wurde mit dem TiOx-Referenz-EL
erzielt, obwohl das L-Histidin einen ebenfalls respektablen Wert erreichte. Bei den Polyoxazolinen
wurde keine eindeutige Korrelation zwischen den Materialparametern und der Stabilitét
festgestellt, obwohl dies bei Polymeren normalerweise kompliziert ist, da ihre Eigenschaften auch
von Groflen wie Dispersitdt und Molekulargewicht abhdngen. Bei den Aminosduren hingegen
wurde eine geringere Stabilitit bei steigendem pK-Wert festgestellt, d. h. eine Anti-Korrelation in
Bezug auf ihre Leistung. Dies deutet darauf hin, dass eine hohere Lewis-Basizitit aufgrund der
potenziell hoheren Reaktivitdt auch zu einer geringeren Stabilitdt fiihren konnte. Nichtsdestotrotz
konnte gezeigt werden, dass die in dieser Studie ausgewihlten umweltfreundlichen und
biokompatiblen organischen EELs in OPV-Gerdten gut funktionieren und fiir bestimmte
Anwendungen eine kostengiinstige und umweltfreundliche Option darstellen konnten.
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Im flinften und letzten Kapitel wird eine neue Methode vorgestellt, die eine schnelle und einfache
Analyse der bereits vorhandenen Strom-Spannungs-Kennlinien (IV) ermoglicht, die die
grundlegendste Charakterisierung fiir jede Solarzelle darstellen. Die Untersuchung der zweiten
Ableitung der IV-Kurve kann leicht Abweichungen in den Geréteeigenschaften aufdecken, die in
der IV-Kurve selbst leicht zu iibersehen sind. Die zweite Ableitung selbst stellt die von der
Vorspannung abhingige Anderung der Leitfihigkeit eines Bauelements dar. Durch die
Verkniipfung dieser Messungen mit Simulationsergebnissen aus SPICE, die an verschiedenen
Ersatzschaltungen durchgefiihrt wurden, konnte gezeigt werden, dass verschiedene Defekte nur
durch verschiedene Dioden in Parallelschaltung mit unterschiedlichen Diodenparametern gut
modelliert werden kdnnen, was auf unterschiedliche und parallele Kontaktbedingungen zwischen
aktiver Schicht und den Elektroden schlielen ldsst. Andere Defekte wurden durch die Kombination
mehrerer Dioden in Parallelschaltung gut nachgebildet, wobei einige nacheinander durch
Gegendioden blockiert wurden, wihrend andere ungestort blieben. Aufgrund der Einfachheit der
Methode und der breiten Verfiigbarkeit von Daten kann sie leicht zur schnellen Analyse von
Defekten eingesetzt werden und ermdglicht eine gezieltere und griindlichere Untersuchung der
beteiligten Mechanismen. Sie kann auch als Frithwarnsystem wihrend Degradationsexperimenten
eingesetzt werden, um diese zu unterbrechen und den Bauelementen kurz vor und nach der Bildung
von z. B. blockierenden Kontakten eine griindlichere Untersuchung zu ermdglichen.

Im Rahmen dieser Arbeit wurde eine Strategie fiir die Kommerzialisierung der organischen
Photovoltaik vorgestellt, die deren Eigenschaften optimal nutzt. Ein bestimmter Bereich dieser
Strategie, ndmlich die Entwicklung geeigneter Ladungstransportschichten, wurde ausgewahlt.
AnschlieBend wurden die Auswirkungen verschiedener Ladungstransportschichten auf die
Leistung und Stabilitét von Solarzellen diskutiert, und fiir bestimmte Kategorien dieser Materialien
konnten allgemeine Eigenschaften extrahiert werden, die zur Vorhersage ihrer Eignung in Bezug
auf Leistung und Stabilitit verwendet werden konnen. SchlieBlich wurde eine neue Methode
entwickelt und an mehreren Beispielen demonstriert, die dazu beitragen diirfte, die fiir eine
griindliche Untersuchung von OPV-Bauelementen und der Faktoren, die ihre Leistung und
Stabilitit einschrianken, erforderliche Zeit zu verkiirzen. Auch wenn es in Zukunft noch viel zu tun
gibt, um verschiedene Prozesse und Materialien zu optimieren, steht uns moglicherweise eine
vielversprechende Zukunft bevor, die zu einer umweltfreundlicheren Energieerzeugung fiithren
kann, ohne die natiirlichen Lebensrdume voéllig zu zerstéren oder auf die Annehmlichkeiten der
Zivilisation verzichten zu miissen.

48 |



Abbreviations

Abbreviations
CTL: Charge Transport Layer

EEL: Electron Extraction Layer

ETL: Electron Transport Layer

FF: Fill Factor

HEL: Hole Extraction Layer

HTL: Hole Transport Layer

NIR: near-infrared

NREL: National Renewable Energies Laboratory
PAL: Photoactive Layer

PCE: Power Conversion Efficiency
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Symbols
Symbols

Iy: Dark Saturation Current

I, : Photocurrent

Is¢: Short Circuit Current

Jo: Dark Saturation Current Density
Jsc: Short Circuit Current Density
kg: Boltzmann Constant

n: Diode Ideality Factor

q: Elementary Charge

Rs: Series Resistance

Rgy,: Shunt Resistance

T: Absolute Temperature

Voc: Open Circuit Voltage
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Agrivoltaics—The Perfect Fit for the Future of Organic

Photovoltaics

Rico Meitzner, Ulrich S. Schubert, and Harald Hoppe*

This Essay presents a possible pathway for the advancement of organic
photovoltaics toward broader commercial success and enlarged market size.
This vision aims at broad scale applications in photovoltaic greenhouses
and polytunnels, which harvest those portions of the solar spectrum that are
not used or required by plants. Based on the assumptions of the Shockley—
Queisser—Limit, respectively detailed balance, and the additional postulation
of using no absorption in the visible part of the AM 1.5G solar spectrum a
power conversion efficiency of =17% is theoretically predicted. The suggestion
is supported by the existence of a number of organic compounds, which
already exhibit a good spectral compatibility with the typical photosynthetic
action spectrum of chloroplasts. It is hoped that more suitable materials
development shall be triggered and fertilized as a result of this Essay.

1. Introduction

Organic photovoltaics (OPV) combines advantages like usage of
earth-abundant materials, compatibility with high-throughput
roll-to-roll (R2R) processing, as well as a low energy demand in
production (low embedded energy cost) and thus short energy
pay-back times. OPV panels can be fitted to any size, and shape
(Hexibility and conformity) and—evenly important—many colors.
While OPV has been long-term considered as a game changer
due to its potentially low prices, so far this promise did not suc-
cessfully come to fruition and even might never do so with the
advent of perovskite photovoltaics, which can still promise close
to the same features (except for being colorful), but with signifi-
cantly higher efficiencies. However, one big advantage of OPV is
that it may not only be processed from environmentally friendly
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solvents but also the constituting materials
do not necessarily display any harm for
health or environment. On the other side,
alternative existing photovoltaic technolo-
gies involve considerably more environ-
mentally questionable and toxic chemicals
in the layer stacks and their production.!
And such a factor may play out for applica-
tions in buildings or anywhere within reach
of intelligent lifeforms or food production.
Thus, to achieve market penetration
within a wide-scale and high-volume
application for OPV, which would be the
necessary precondition for any economies of
scale and therefore major price reductions,
requires finding an application, where
its specific properties offer clear advan-
tages over any other technology in the market. The internet-of-
things applications could be viewed as one potential market for
increased usage of OPV. However, this very market lacks behind
the expectations, and thus there might be considerable doubts
in the overall market size. Second, IoT may require rather small
devices as compared to power applications. Hence, IoT might
not offer the chance for scaling up OPV sufficiently, to obtain
competitive prices for penetration into other markets. Further-
more, it is required to address the question where does OPV dis-
play an advantage over the application of silicon PV in IoT, even
if costs do not matter? Thus, even though there are plenty of
applications foreseeable for IoT or smart buildings, it remains
a question, whether these markets could provide a break-
through for OPV. For the latter, sheer quantity or rather sheer
area of photovoltaic modules may be required. At the same time,
besides silicon PV, also perovskite PV provides comparable per-
formances with efficiencies of roughly 25% power conversion
efficiency (PCE) for very small devices in the lab®? and 16% PCE
for small modules!®! (which may approach the size of a standard
silicon solar cell). Currently, OPV is still lagging behind these
numbers with above 18% for small lab-scale devices® and
12% for small modules.®! Under such strong competition and
difficult markets, the question is, what then to do with OPV?

2. The Strategy for a Way Forward

While traditional photovoltaic applications might not be in
reach for a competitive product based on OPV, the situa-
tion changes, when carefully selecting an application in line
with the specific advantages of OPV. At this point, we could
even go one step further: what generally needs to be consid-
ered as a downside for reaching high-level power-conversion
efficiencies, namely the incomplete absorption throughout a

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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broad wavelength range severely limiting the photocurrent
generation, can even be turned into a blessing. In contrast to
any inorganic semiconductor and hybrid perovskites, organic
semiconductors or conjugated molecules and polymers do
show over the wavelength (respectively photon energy) limited
absorption bands, leaving room for the absorption of the plants
below/above =730 nm/1.7 eV. The simple solution is to use this
semi-transparent window of non-absorption for a combination
with agriculture. Thus, using transmitted light for plant growth
may essentially turn the weakness of a limited absorption band
into an advantage for dual use on the same land.

In order to leave as much light as possible for the plants
growing underneath the photovoltaic modules, it will be neces-
sary to move the absorption window of the active layer material
entirely away from the visible into the near-infrared (NIR) part
of the electromagnetic spectrum.

The benefits from such an approach can be manifold for both
sides of the equation: at first, the costs of the PV system would
not need to include costs for land acquisition anymore, as the
land already is in use for agriculture. Besides the immediate
costs of land acquisition, which mostly impact more developed
nations, there are also zoning issues that can be circumvented,
as countries might forbid installation of PV on agricultural land,
therefore making more land available for PV applications, which
are not hundreds of kilometers away from habitation, like in
entirely uninhabited deserts. As next, such a photovoltaic instal-
lation would replace traditional greenhouses as well as polytun-
nels, swapping these investment costs directly, by which the
PV system would be made more competitive or even make the
usage of greenhouses or polytunnels financially viable, where
they would have been not viable before. On top of that, there is a
manifold of benefits for the agricultural side of the equation that
come along with a precise control of the climatic conditions for
the plants. For example, in semi-arid and arid climates, where
irrigation is essential for doing any agriculture, greenhouses, and
polytunnels can strongly reduce evaporation losses and therefore
reduce watering requirements. In addition, the electricity genera-
tion could be used to keep humidity at a stable level by the appli-
cation of active ventilation systems with humidity recuperation.

T~

\

Increased
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| Reduced Crop Yield

|Increased Evaporation

I Soil Salinization
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Such effort is usually not done for greenhouses or polytunnels
due to the additional costs for energy that would have to be pro-
vided from the outside. In turn, better controlled humidity is
enabling a higher crop yield, especially for those plants, which
stop photosynthesis at too low moisture levels, to prevent drying
out. Such conditions normally occur in the middle of the day
in warm and arid or semi-arid climates when solar irradiation
is at its peak. Furthermore, a reduction in evaporation reduces
the risk of soil salinization, which is till date a major problem of
many areas requiring irrigation for agriculture.

These points make a deployment of transparent photovoltaic
polytunnels especially attractive for developing nations in semi-
arid and arid climate like Africa’s countries along its and in its
large deserts like the Sahara and the Namib. The same should
apply also for the dryer regions of the Indian subcontinent.

Also, temperature control in these greenhouses or polytun-
nels would be easier, as on the one hand, the solar modules
already reduce the heat influx from absorbing part of the solar
irradiation, and on the other hand, part of the generated elec-
tricity could be employed for air ventilation.

In such a scenario, the photovoltaic modules would actually
upgrade the value of land by its double usage. On the other
hand, this application thus would also increase the available
land area for utility-scale PV installations by multiples of its
current amount. Figure 1 summarizes a number of the men-
tioned aspects in a schematic depiction. Even if the double
use is not in the focus of the consideration, locally generated
electricity may provide sufficient benefit for upgrading existing
greenhouses and consumers nearby.

Currently, the interest in this topic is rising and there are by
now a few reportsP! on the use of Si-PV for agrivoltaics. The
challenge Si-PV is facing in this context is connected with it
being in-transparent, rigid, and brittle in nature. Such installa-
tions obviously cannot cover the full area, or are only compatible
with crops that require low light intensities. Furthermore, such
installations are by necessity quite heavy, as they have to bear
the load of full-size Si-PV modules and are thus not as quickly
installable or removable. We on the other hand are advocating
for installations that can be quickly installed or removed., that

e Heat Reflection |
\WReduced Evaporationl

Constant Relative
Humidity

0 VA || Reduced
" Transpiration

\ilncreased Crop Yield|

Electricity Generationl

Figure 1. Schematic depiction of the advantages of the proposed agrivoltaics approach. The current situation in scenarios of irrigation dependent agricul-
ture (left) versus the situation of an agrivoltaic application scenario (right), in which specific properties of organic photovoltaics provide a perfect match.
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is, in the case of dryland agriculture, whereupon sowing irriga-
tion is deployed and upon deployment large OPV polytunnels
could be installed, that cover these fields and which can be
quickly removed before harvest is due. Therefore, as the first
step for OPV agrivoltaics, we advocate for deployment of OPV-
polytunnels in arid and semi-arid climates to re-green deserts
and other drylands and make them arable for a long-term and
sustainable agriculture. The added value will be to provide
access to cheap electricity to rural communities inhabiting such
areas. Thus, OPV agrivoltaics could be considered as one major
step toward the sustainable development goals (SDGs) of the
United Nations. Due to the combination of the benefits of sus-
tainable agriculture, reduced irrigation and water consumption
as well as sustainable energy generation, obviously not only the
elimination of hunger (SDG 2) and the provision of clean energy
(SDG 7) follow as a direct consequence, but indirectly also most
other SDGs will be positively and sustainably influenced.

The benefits from a specific OPV development for agrivol-
taics could then—in a second step—be transferred toward the
building-integrated OPV (BIOPV) sector. The aforementioned
transparency for plants in the visible spectrum range is
obviously a benefit for energy producing building glazing.

However, since most glazing is vertical, the angle of inci-
dence is somewhat unfavorable leading to a reduced potential
in power generation. Though organic solar cells exhibit only
a minor dependence of the performance on the angle of inci-
dence as all thin film photovoltaic technologies,®! when the
angle of incidence is basically parallel during the most sun
intense hours of the day, as is the case in latitudes between
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the tropic of Cancer and tropic of Capricorn, still only indirect
irradiation can be collected in the middle of the day. There are
also two targets for a sustainable city development, which are
in direct opposition to efficient usage of any PV technology,
these are densification, that is, closely built as well as taller
buildings, resulting in mutual shading between buildings. The
other target is vertical gardens along facades of buildings,!
these obviously would compete with space for solar energy
generation, though this actually could be alleviated with the
developments that have to be made for organic agrivoltaics.
While in dense cities potentially compromises will have to
be made, BIOPV applications will certainly benefit from the
herein promoted agrivoltaics with OPV.

3. Limits, Current Status, and Next Steps

As we have now laid out our vision for a bright future of OPYV, it
is time to assess, which parameters such technology should have.
The properties are largely determined by the necessities of plants
to be able to have as much light as possible for photosynthesis.
This requires high transparency of the photovoltaic module in
the range between 1.77 to 3.55 eV, as this is the region of the
solar spectrum where the photosynthetic activity takes place.
Based on the general idea of the Shockley—Queisser-Limit for
photovoltaics, that is, a box-shaped external quantum efficiency,
we calculated the maximally obtainable efficiency for such given
limitations. A very encouraging efficiency of =17% at a bandgap
of 1.125 eV displays a local theoretical limit, see Figure 2.
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Figure 2. Photovoltaic parameters (short circuit photocurrent, open circuit voltage, fill factor) and resulting power conversion efficiency for a solar cell based
on the Shockley—Queisser—Limit for an absorption window starting with an onset energy (band gap) given by the x-axis of the graph and ending at 1.77 eV.
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Note that this is not the global maximum, but since smaller
bandgap organic semiconductors should exhibit a higher rela-
tive energy loss, it should be the more smart choice. These
results were obtained by using the following equations for
calculation.

1.77eV

Jse=0 | 9o (E)dE M

T =q'f O (E, T =300K) dE )
_]SC

VoC:_l 3

q (]o ) ©)

J= JO[GXP(k;f) 1]—]sc 4

While the Shockley—Queisser-Limit has to be regarded as
the ultimate limit for application of photovoltaics in agriculture,
it should be mentioned here that additional losses may apply
for OPV due to the specific properties of organic semiconduc-
tors. This performance loss by in total few absolute percent
does originate from energy, respectively open circuit voltage
(Voc), losses which may be attributed to a) considerable exciton
binding energies, which have to be overcome for successful
charge generation processes and to b) increased recombina-
tion losses in organic solar cells of smaller bandgap, due to the
overlap of the vibronic energy levels of the ground state, which
may interfere more severely with the charge transfer state at
the decisive charge separating step (compare with Benduhn
et al.).ll While the first may result either in smaller photo-
current or photovoltage, the latter adds to the non-radiative
losses of solar cells and thus to a reduced V.

With these given constraints, where are we at the moment? In
Figure 3 the chemical structures of various low bandgap active
layer materials are shown and in Figure 4 their normalized
absorbance is plotted in comparison to the normalized photo-
synthetic activity of a chloroplast of a green plant. Among these
are a few candidates that already show a very minor overlap with
the spectrum of chloroplasts only one is found among the elec-
tron donors: C3-DPPTT-Te.”) In case of electron acceptors, there
are indeed several candidates that are suitable: IEICO-4F,10
IEICO-4C1LM 1X1C-4CL™ Y14,131 and DTPC-DFIC.["] The latter
represents an interesting special case, as it exhibits a second
absorption peak matching closely to the spectral region where
chloroplasts have an activity minimum. This might allow for
a correspondingly higher photocurrent and performance, with
only minor detriment to plant growth. As all of these materials
exhibit a small spectral overlap with the chloroplast absorption,
they do not yet present a perfect fit. Thus, organic chemists are
invited and invoked to develop new electron donors and accep-
tors, which will fulfill the requirement of exhibiting a sufficiently
large absorption window to be employed for plant growth.

Besides the optical requirements for the photoactive layer,
it will be of high importance to develop semi-transparent
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Figure 3. Chemical structures of various low bandgap donors and accep-
tors reported throughout the literature.’""""1 EH: Ethylhexyl.

electrode materials which provide significantly increased trans-
mission in the NIR spectral range (specifically between 1.13 and
3.5 eV) as compared to the existing ones. Hence, we see the
development of such materials that fulfill these requirements
as an important additional challenge, which should be tackled
to reach a bright future for OPV.

In summary, three important design parameters result from
the above consideration:

1. Active layer materials ideally show an absorption window
between 1.13 to 1.77 eV

2. Charge transport layers and transparent electrodes should
be transmitting the light in the range of 1.13 to 3.5 eV

3. Transparent electrodes have to replace opaque ones and
current collectors are to be minimized in area

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Photosynthetic action spectrum of a Chloroplast (dark green) and normalized absorbance spectra of different low bandgap donors and non-

fullerene acceptors that are reported in the literature.P-10l

4, Conclusion

In conclusion, employing OPV for agricultural greenhouses and
polytunnels may be the key for a proper market development of
this PV-technology, since all the properties—may it official be
an advantage or disadvantage—of organic solar modules could
be played outright: The device flexibility resulting from the
low total thickness of the layer stack will enable its application
in a similar way as polytunnels, being used today in agricul-
ture. If the absorption range of such active layer materials is
placed properly around those of the plants, the situation shifts
from competition to synergism, as part of the energy provided
by the photovoltaic system could be used to have better con-
trolled humidity levels and temperatures inside greenhouses
and polytunnels. Finally, such easy to install agrivoltaic units
could contribute beyond the means of food production toward
sustainable development in rural areas that suffer from aridity,
by providing clean energy to the communities around.
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Abstract. Organic semiconducting materials provide only narrow absorption bands, in contrast to classical, inorganic
semiconductors. Concerning photovoltaic applications this is considered as a drawback; however, in combination with
plant cultivation the narrow-band absorption provides a unique advantage: Organic solar cell devices with high
transparency between 1.75 and 3.5 eV can be designed, being translucent exactly in the spectral range where chlorophyll
is predominantly active in natural photosynthesis. These organic photovoltaic-based agrivoltaics are called “AgrOPV”.
Common active layer materials already fulfill the requirements for AgrOPV application; the suitability of the other
materials used in the photovoltaic layer stack, instead, is hardly investigated and widely uncertain. In order to provide
guidance for future developments, we will discuss the suitability of charge transport and electrode materials for AgrOPV
applications, mainly on the basis of their absorptance.

INTRODUCTION

Organic photovoltaics (OPV) represent a promising technology with maximum lab efficiencies reaching 18%'
and small module performances yielding up to 12%? by now, also recently extrapolated lifetimes of up to 30’000
hours have been shown®. A meaningful breach into the market has not been made so far and steep challenges are
facing OPV when doing so, as we have recently argued®. However, this situation will change dramatically if this
technology is introduced into a particular market where the capabilities of OPV are simply unrivaled. This condition
is indeed satisfied for the simultaneous utilization of the same area of land when power is generated at greenhouses
and polytunnels equipped with OPV in agrivoltaics (AgrOPV)>. According to an adapted Shockley-Queisser-Limit
calculation, a maximum theoretical power conversion efficiency (PCE) of about 17.5% is within reach® ©, even
though a considerable portion of the solar spectrum is not intended to be used for photovoltaics but rather for the
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plants. However, the performances achievable in practice will be lower than the calculated maximum for AgrOPV,
since non-radiative losses usually occur here quite severely, too. Recently we have shown that there are a lot of
potential active layer materials which absorb in the range of the solar spectrum relevant for agrivoltaics, while still
being highly transparent in the range of the photosynthetic action spectrum. An example for these suitable
photoactive layer materials is given in the following FIGURE 1:
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FIGURE 1. Absorbance of different low bandgap organic semiconductors, which are usable for photoactive layers in organic
solar cells, as well as for silicon, compared to the photosynthetic action spectrum. (compare with Meitzner et al.%; IEICO-4CL7)

In addition to optical transparency of the active layer in the desired spectral range the sheet resistances of the
transparent conductive electrodes (TCEs) play a major role for the device perfomance®. In contrast to well-
performing organic photovoltaic devices (OPV), being assembled of an efficient active layer between a transparent
front electrode (the TCE) and a highly reflective, and therefore non-transparent, back electrode, devices for AgrOPV
application have to be transparent as a whole. In fact, all layers in the photovoltaic stack must be highly translucent
in the range from 1.1 to 3.5 eV. Furthermore, for an AgrOPV module it is preferable to have a reduced transparency
above 3.1 eV. At higher energies than 3.1 eV the photosystem II, which is in fact a protein complex important for
photosynthesis, might be damaged. This will result in stress for the plants and, therefore, in potentially reduced crop
yields. To summarize, the ideal electrode material for AgrOPV will exhibit a bandgap of 3.1 eV and hence absorb
radiation of this energy or greater while being transparent for radiation of lower energy.

TABLE 1 gives a summary of the work functions of various materials for transparent electrodes and TABLE 2
lists the electronic and optoelectronic properties of various materials used as charge transport/extraction layers or as
transparent electrodes for OPV. While most of these materials have been extensively used in the field of OPV,
though their optical properties have not been reported over the whole range of interest for AgrOPV applications so
far.

TABLE 1. Work function of commonly used materials for transparent conductive electrodes.

Transparent conductive Work function (eV) Reference
electrode material
1TO -4.7 8
PH1000 -5.08 ’
Silver nanowires -4.8 10
Clevios HYE -4.85 11
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TABLE 2. Electronic and optoelectronic properties of commonly used electron and hole transport/extraction layer materials.

Material HOMO | LUMO | Band Gap Reference
(eV) (eV) (eV)
ETL/EEL
SnO, -8.0 -4.5 3.5 12
TiOy -8.1 -4.4 3.7 13
ZnO -7.5 -4.2 33 14
PDINO -6.21 -3.63 2.58 15
H-NDs -5.5 -3.0 2.5 o
HTL/HEL
MoOx -5.6 -2.3 3.3 17
WO3 -5.7 -2.2 3.5 13
PTAA 19
(poly(triaryl amine)) - -8 33
NPB
(N,N*-diphenyl-1,1¢- -54 2.3 3.1 20
biphenyl-4,4‘-diamine)
P VP AI4083 -5.2 / / ’

Kim et al.?! reported about a composite electrode of silver nanowires (AgNWs) and aluminum-doped zinc oxide
(AZO) with high transparency in the range from 1.1 to 2.75 eV and a sheet resistance of around 11 €/sq. Though the
transparency window of this composite is smaller compared to that of the reference electrode of indium doped tin
oxide (ITO) with an intrinsic zinc oxide layer (i-ZnO) (transparent in-between 1.1 and 3.1 eV), the AgNW/AZO
electrode is fully solution-processable, whereas the reference is not. Wang et al.?? presented a similar combination of
solution-processable AgNWs and AZO. They varied the AgNWs surface coverage and thereby modified the
transparency as well as sheet resistance of the TCE between 10 and 150 Q/sq. Despite the difference in transparency
was rather small, the authors determined for the the lowest and highest transparency of TCEs sheet resistances of 10
and 150 C)/sq, respectively. The authors achieved their best performing solar cells using the composite electrode
with 20 Q/sq, representing the best compromise between transmittance and conductance.

Kuwahata e al.?* compared AZO/ZnO electrodes with aluminum-doped Zn;Mg,O (AZMO) with varying
magnesium content. The authors reported an increase in the alloy AZMO bandgap ranging between 3.5 to 4.4. eV
due to rising magnesium contents from nothing (x = 0) to x = 0.24. At the same time, an enhanced magnesium
content gave rise to a dramatic increase in sheet resistance (from ~4-10' up to 1-10° Q/sq).

We therefore herewith provide an overview of materials commonly used for charge transport layers and
transparent electrodes, reporting their optical and electrical properties for studying their suitability in agrivoltaic
applications.

EXPERIMENTAL

Materials
Transparent Conducting Electrodes

ITO coated glass was purchased from Xinyan Technology Ltd (Hong Kong). The different PEDOT:PSS
formulations, Clevios PH1000 and Clevios HYE were purchased from Heraeus (Germany). In order to reach high
conductivity, PH1000 were mixed with 5-wt % of dimethyl sulfoxide (DMSO). Silver nanowires (AgNWs)
ClearOhm® Ink-Y were purchased from Cambrios Film Solutions (China) and used as received.

Electron Transport Layers

SnO> solution was diluted to 2.67% v/v in distilled water from the stock solution containing Tin(IV) oxide, 15%
in H>O colloidal dispersion liquid purchased from Thermo Fisher GmbH (Germany). In order to prepare the zinc
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oxide (ZnO) solution, we used a sol-gel method and mixed zinc acetate dihydrate 99,5+% (274.6 mg) purchased
from Chempur (Germany) with 2-methoxyethanol (2.5 mL) and 2-aminoethanol (78 pL) purchased from Sigma-
Aldrich (Germany). The final solution was stirred vigorously overnight. The Titanium oxide (TiOx) solution was
prepared from a precursor solution and then diluted in isopropanol to 15% v/v. The polyethylenimine (PEI) solution
was prepared by dissolving branched polyethylenimine (Sigma-Aldrich, Germany) in butanol for a final solution
concentration of 2 mg/mL. Perylene diimide amino N-oxide (PDINO) was dissolved in methanol to a final
concentration of 2 mg/mL. Commercially monocrystalline nanodiamonds (NDs) powder were purchased from
Microdiamant AG (Switzerland). The NDs were then oxygenated through annealing in ambient air at 450 °C for 2
hours. Afterward, the annealed NDs were mixed with deionized water to a final solution concentration of 20 mg/L
and ultrasonicated and centrifuged. The such-obtained O-NDs pellets were annealed in a hydrogen atmosphere at
700 °C for 3 hours to get the hydrogenated nanodiamonds (H-NDs).

Hole Transport Layers

The PEDOT:PSS formulation Clevios P VP Al14083 was purchased from Heraeus (Germany). A tungsten oxide
precursor solution was prepared from tungsten(VI) ethoxide (Alfa Aesar) and methoxy ethanol. Tungsten (VI)
ethoxide (270 mg) was dissolved in methoxy ethanol (75 mL) through vigorous stirring and filled into a three-
necked round bottom flask, both under inert atmosphere. Next, the solution was stirred at 80 °C and 120 °C
successively. Between each of these steps, heating or cooling phases of 30 minutes each were necessary, and the
obtained solution was stored under an inert atmosphere. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)
was purchased from Luminescence Technology Corp. (France) and dissolved in toluene to a concentration of 2.5
mg/mL at room temperature. N,N'-Di-1-naphthyl-N,N'-diphenylbenzidine (NPB, >98% purity, Tokyo Chemical
Industry Co. Ltd, Japan) was dissolved in chlorobenzene to a concentration of 2.5 mg/mL at room temperature.
Molybdenium oxide pellets (MoO3, 99.95% purity) were purchased from Kurt J. Lesker (USA) and deposited by
physical vapor deposition at less than 10" mbar.

Film Preparation

The fabrication of the films started with cleaning bare or indium tin oxide (ITO) coated glasses (sheet resistance
8.35 Q/sq) in an ultrasonic bath successively using toluene and isopropanol for 15 minutes each. Subsequently, the
substrates were dried with a nitrogen-air blowing gun followed by argon-plasma treatment for 10 minutes before the
different TCE and charge extraction materials were deposited by spin-coating. An overview of the different
processing conditions and resulting film thicknesses can be found in TABLE 3. As an exception, MoO3 was
processed via physical vapor deposition (PVD).

Film Characterization

Transmittance and reflectance spectra of the films were measured using two Avantes AvaSpec-ULS3648-USB2-
UA-25 fiber spectrometer. The sheet resistance was measured using a SURAGUS sheet resistance tester (EddyCus®
TF lab 2020SR). While the film thickness does not necessarily have to represent the optimal conditions, it was
determined by using a laser scanning microscope. In some cases, the exact film thickness could not be determined
and was estimated instead (see above, Table 1).
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TABLE 3. Processing parameters for different layers studied and the resulting layer thickness.

Annealing Layer thickness Roughness
Material Spin condition (nm)
condition (nm)
120°C for 15
PH1000 1000 rpm for 60s ) 138.0 5.4
mins
Electrodes AgNWs 1000 rpm for 60s | 120°C for 15 mins 17.8 16.0™
HYE 1000 rpm for 60s | 120°C for 15 mins 68.3 11.0
SnO; 3000 rpm for 60s | 150°C for 30 mins 57.3 17.5
ZnO 3000 rpm for 60s | 170°C for 40 mins 62.0 7.0
TiOx 3000 rpm for 60s | 110°C for 10 mins >10" 17.1
Electron
transport PEI 3000 rpm for 60s | 110°C for 5 mins >10° 6.1
layers (ETLs)
PDINO 3000 rpm for 60s N/A >10" 3.7
1500 rpm for "
H-NDs 120°C for 15 mins 23.1 44.4
120s
178°C for 15
P VP Al4083 3000 rpm for 60s ) 52.7 12.6
mins
90°C for 15 .
Hole transport WO; 1000 rpm for 60s ) 21.9 97.2
layers (HTLs) s
PTAA 5000 rpm for 60s | 100°C for 10 mins 15.5 6.7
NPB 5000 rpm for 60s | 100°C for 10 mins 14.9 6.9
MoO; ~ 10 nm / / 14.8 4.6

ok

In some cases the films could not successfully be completely removed and the thickness was estimated.
Incomplete coverage by the material, not a closed film. Hence film roughness surpassed the film thickness.
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RESULTS AND DISCUSSION

Among all transparent conductive electrode (TCE) materials, silver nanowires (AgNWs) did show the highest
suitability by the lowest overall absorptance in the range of photovoltaic activity (besides the base glass itself).
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FIGURE 2. Absorptance spectra of commonly used transparent electrodes for organic solar cells. Most of the photosynthetic
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The absorptance spectra of different commonly used TCE materials are presented in FIGURE 2. ITO shows a
low absorptance in the range of the photosynthetic activity of plants (0.0 to 5.9%) but an increasing absorptance
towards longer wavelengths (up to 41.2% at 1100 nm), where the OPV shall be collecting energy. PH1000 — a
highly conductive formulation of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) — already
exhibits stronger absorption than ITO in the range from 400 to 700 nm (7.0 to 19.9%), which is even larger in the
range from 700 to 1100 nm (up to 26.5%). In addition AgNWs and HYE (formulation of AgNWs together with
highly conductive PEDOT:PSS) have a very similar absorptance spectrum. Below 700 nm their absorptance is
slightly larger than that of ITO (AgNWs: 2.8 to 6.1%, HYE: 6.5 to 13.0), whereas above 700 nm their absorptance
values are remarkably lower than that from ITO (AgNWs: up to 4.8%, HYE: up to 23.9%).
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FIGURE 3. Absorptance spectra of (a) electron transport/extraction layers, as well as (b) hole transport/extraction layers used for
organic solar cells and evaluated for AgrOPV.
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FIGURE 3 a) is presenting the absorptance spectra of different electron transport layers (ETL), respectively
electron extraction layers (EEL), used for OPV. The two metal oxides, tin oxide and titanium oxide, and the organic
dielectric polyethyleneimine (PEI) reveal very similar absorptance spectra and very low values between 400 and
1100 nm (TiOx:0.0 — 0.3%, ZnO: 1.4 — 4.8%, PEI: 0.2 — 0.9%), which is beneficial for both agriculture and OPV. In
addition, zinc oxide provides a very suitable bandgap, as the absorption increases strongly below 400 nm (slightly
above 3 eV). Although the organic semiconductor PDINO shows a low absorptance in the range of 700 to 1100 nm
(2.4 — 3.8%), which makes this material in principle suitable for AgrOPV, its own absorptance (2.6 — 14.8%)
overlaps with nearly the whole photosynthesis action spectrum.

The absorptance of different hole transport layers (HTL), respectively hole extraction layers (HEL), are depicted
in FIGURE 3 b). Clevios P VP AL4083 is a formulation of PEDOT:PSS used for HTLs in organic solar cells. This
formulation has a low absorptance in the range of 400 to 700 nm (2.2 — 3.6%), similar to PH1000 from FIGURE 2
though in contrast to PH1000 the absorptance does not increase as much in the range of 700 to 1050 nm (up to 6.4%,
at 1100 nm up to 18.9%). Tungsten oxide (WO3) has a rather high absorptance in the range of 400 to 700 nm (13.4 —
9.3%), which is further reduced beyond 700 nm (down to 7.1% at 1000 nm). Therefore, this material shows the
highest absorptance in the photosynthesis action range of all investigated HTLs and HELs. Nanodiamonds reduced
in hydrogen atmosphere (H-NDs) have an absorptance below 10% (5.6 — 7.1%) over the whole range of 400 to 1050
nm (increase to 21.6% at 1100 nm) and are therefore very similar to the P VP AL4083. PTAA and NPB show a very
low absorptance, below 5% for most of the spectral range from 400 to 1050 nm (PTAA: 1.1 — 4.5%, NPB: 0.8 —
5.4%). They only show a significant increase in absorptance below 400 nm (PTAA up to 46.9% and NPB up to
43.5% at 300 nm) and above 1050 nm (PTAA up to 19.3% and BPB up to 19.0% at 1100 nm). Molybdenum oxide
(Mo00O:3) also exhibits an absorptance of below 5% (0.8 — 3.5%) over the whole spectral range from 400 to 1050 nm
and shows an increase in absorptance below 400 nm (up to 45.9% at 300 nm) and above 1050 nm (up to 21.8% at
1100 nm).

It can be summarized for charge transport materials, that most of them are highly suitable for AgrOPV and some
may additionally offer protection from UV-light. For the current film data, only PDINO and WOs seems to be less
applicable.

FIGURE 4 shows the values of the sheet resistance of the different electrode materials. It is evident that all
materials are suited for the application as TCEs in OSCs. Among the tested materials, AgNWs show the lowest
sheet resistance with 29.1 Q/sq (HYE: 48.5 Q/sq, PH1000: 64.0 Q/sq, TABLE 4). The figure of merit (FOM) for
rating electrodes was carried out using the following equation®

|¢ — Pypp(EqT(D)Rs(Rp).D 0
TCEexact = p 0 0(Eq T=100%VA, Rn=0.0001 2/0.0

The FOM (Equation 1) is defined as the ratio of the power generated by an ideal OPV device having a bandgap
Eg (between 700 — 1100 nm) and a solar cell length [24 25 for a particular TCE (with a material-specific sheet
resistance Ry and transmittance 7) to the power generated by the same ideal solar cell with an ideal TCE (Rp =
0.0001 Q/0 and T = 100% throughout the whole spectral range). The FOM values of the studied transparent
electrode materials are presented in FIGURE 5 and summarized together with the average transmittance and the
sheet resistance in TABLE 4. The FOM demonstrates that AgNWs slightly outperform ITO, which in turn surpasses
HYE. However, all three materials are well-suited for TCEs application, with AgNWs and HYE having the
advantage of being easily solution-processable at low temperatures.
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FIGURE 4. Sheet resistances of the transparent conducting films studied as potential electrodes for agrivoltaic applications.
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FIGURE 5. Figure of merit values for the transparent conducting electrodes.

TABLE 4. Average transmittance (700 to 1100 nm), sheet resistance, and figure of merit for different transparent conducting
electrodes.

Ideal 100.00 0.0001 1.000
ITO 79.29 8.35 0.788
PH1000 70.78 64.00 0.637
AgNWs 85.80 29.11 0.808
HYE 82.70 48.46 0.751

The results from the absorptance measurements show that there is a large variety of materials for
(semi)transparent conductive electrodes, as well as electron and hole transport/extraction layers which are well
suited for application in agrivoltaic devices. In particular, AgNWs and HYE are very appropriate electrode
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materials, as they show a low absorptance throughout the whole range from 400 to 1050 nm and considerable
absorptance above 1100 nm and below 400 nm. Especially the latter is important in order to protect plants from
photo damage.

PEI, SnO,, and TiOy are excellent choices for ETLs/EELS, because they exhibit very low absorptance over the
whole spectral range considered. Even though ZnO shows an increased absorptance in the range of photosynthesis,
it provides a strong cutoff below 400 nm and therefore protects plants from photodamage®®. Potentially increased
and accelerated degradation of OPV as a results of UV irradiation in combination with photocatalytic ZnO has to be
investigated in further detail in the future work.

In the case of the HTLs/HELs, NPB represents an attractive possibility, because it has a low absorptance in the
range from 400 to 1100 nm but an increased absorptance below 400 nm and, thus, the potential to reduce
photodamage to the plant.

CONCLUSION

In conclusion, a variety of conducting electrodes and charge extraction materials were investigated in terms of
optical and electric properties for their suitability in application for organic solar cells in agrivoltaic applications
(AgrOPV). Besides the requirement of having sufficient or rather maximized transmittance in the two ranges of
operation, photosynthetic and photovoltaics, some materials provide the ability to protect plants from photodamage
by UV-light reduction, and therefore might contribute to reducing stress on plants and increasing the crop yield.
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1. Introduction

With increasing depletion of fossil fuels and growing strain on the
environment due to emission of greenhouse gases and thereby accel-
erating 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 in-
teresting 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
0SC) [1,2] and operational lifetimes in the range of 10 years [3-5] were
estimated on the basis of exclusively intrinsic degradation processes.
Roll-to-roll processed flexible modules have already demonstrated
outdoor stabilities of several years [6]. While this is very encouraging
and promising, more understanding is required in terms of how mate-
rials properties impact the device stability.

Various published reports demonstrated extrapolated operational
lifetimes of OPV for several years [4,5,7,8,11]. A recently published
review [3,6,9] 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 [8,10], when no extrapola-
tions to Tgo (corresponding to efficiency drop to 80% of the initial ef-
ficiency value) or Tsgo (corresponding to efficiency drop to 80% after
stabilization) were considered [11,12].

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 fol-
lowed by a stabilized performance [7,11]. In some more recent reports
devices seemed to show no burn-in Refs. [7,13], but even with a burn-
in, very long lifetimes are attainable [4]. After all, a limited perfor-
mance 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 [3,14,15]. 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 [16,17] and electrode corrosion
from ingress of moisture [14]. 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 [18], 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) [15,19,20]
and electromagnetic radiation (including UV-light) [21-23]. Some ex-
amples are an increased phase separation of donor and acceptor in the
active layer blend [24], the formation of traps and increased energetic
disorder [25,26], the formation of fullerene dimers [27-29] and
electro-migration of e.g silver from printed electrodes [30]. Charge
transport layers may also induce effects leading to degradation, e.g
doping of the photoactive layer via MoO3 [31,32]. Furthermore, im-
purities 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 formation
[33-35].

Besides the mentioned doping effect, transport layers degradation
can also have a large impact on the overall stability of organic solar
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cells [36-39]. Degradation of the transport layers or of their interfaces
can induce an extraction barrier to charge carriers [40]. Transport
layers can be quite diverse, ranging from small molecules to polymers
to amorphous or nanocrystalline metal oxides to hybrids of these ma-
terials [41]. 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 [6,42]. Metal oxides have become very common
as transport layers due to their capability to be solution processable
[36] and their rather good stability [37,43-45].

The most commonly studied material in OPV is poly(3-hex-
ylthiophene) (P3HT) [46], as it is relatively cheap to produce and
readily available in kilogram amounts, due to easy synthetic upscaling
[47]. 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-Cg;-butyric acid me-
thyl ester) were explored under variation of P3HT batches in order to
assess the impact of the material parameters of P3HT on device stabi-
lity. 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 morpho-
logical stability [48,49]. For P3HT:PCBM solar cells also a minor vol-
tage loss during burn-in has been observed, which was assigned to the
formation of less ordered phases [50].

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 [3,48]. Molecular weight does not always seem to have an
impact on photostability [48], but certainly impacts the crystallization
temperature [51]. Though there are conflicting reports about other
polymers as PCDTBT [15] and PTB7[52] 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 transi-
tion temperature (T,) or a higher melting point (T;,), as described by the
dispersity (PDI), were reported to exhibit a positive impact on thermal
stability [24,53-56]. Countermeasures against morphological de-
gradation include the application of polymers exhibiting higher T, [571,
the application of phase-locked diblock-copolymers [58], acceptor al-
loys [59,60] as well as crosslinking of organic semiconductors [61-64].

Furthermore, trace metals in the active layer could catalyze reac-
tions or act as traps and therefore as recombination centers. Several
reports [33,65] mention the impact of impurities on device perfor-
mance — 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 1 M,
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 sec-
tion, are the only parameters to enter into the evaluation. PC¢;BM of
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99% purity or better was used in all cases for the suppliers of the used
PCg1BM see Table 2.

In Fig. 1 the procedure of the initial experimental phase, including
ordering and distribution of P3HTSs, manufacturing of the solar cells and
characterization, is depicted. Chemical characterization including 'H
nuclear magnetic resonance spectroscopy, size exclusion chromato-
graphy, induction coupled plasma optical emission spectroscopy, elec-
tron spin resonance spectroscopy, thermal characterization like differ-
ential scanning calorimetry and thermogravimetric analysis, as well as
optical characterization methods like UV/Vis spectroscopy and photo-
thermal deflection spectroscopy, were performed. Additionally, elec-
tronic characterization including current-voltage (IV) and external
quantum efficiency (EQE) measurements, as well as different char-
acterization 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.

In Fig. 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, ISOS-D2 and ISOS-O1 protocols [12], 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.

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.

2.1. Materials and layer stacks

We deliberately allowed a large variation in layer stacks/device
layout- including substrates — providing additional parameters im-
pacting 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 alter-
natives (CEA), Wroclaw Research Centre EIT+ (EIT+), Institut 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, V5,05, PEIE, and PEDOT:PSS were used. Calcium,
aluminum and silver served as opaque back electrodes. Physical vapor
deposition was used for evaporation which will be called evaporation
for short from here on. Three producers used epoxy as sealant for cell
encapsulation (EIT 4+, TEIC and ICN2), while CEA used a fully flexible
encapsulation and UTV used Parafilm for sealing. All layer stacks as
well as device layouts are reported in detail in Table 3. A more detailed
description of the manufacture of the solar cells is presented in the
supplementary information section 1 and 2.

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

Solar Energy Materials and Solar Cells 202 (2019) 110151
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. ISOS-L2 degradation

Samples were aged at the CEEC Jena under conditions close to ISOS-
L2. The setup in Jena consists of a metal halide lamp, whose illumi-
nation spectrum is close to AM 1.5G, as can be seen in Fig. 3. The light
intensity was set to 1000 W/m? with help of a pyranometer. The in-
tensity 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. Un-
fortunately, a higher temperature could not be reached and therefore
remained 10 K below the ISOS recommendations. However, the accel-
eration for 10K higher temperature can be estimated to be roughly a
factor of two [66]. 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 tem-
perature. 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.

2.4. ISOS-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 com-
plete 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 Fig. S4. Solar cells
on substrates with more than one device were chosen based on max-
imum performance.

2.5. ISOS-01 degradation

The cells were mounted on a fixed angle (30° to horizontal) stand
(as shown in Fig. 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 *+ 2-3h 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 [67], see Fig. S2. The cells were

Table 1

Color coding for the materials used in the experiment.
Material Color Code
P3HT-I Black
P3HT-II Red
P3HT-III Blue
P3HT-IV Green
P3HT-V
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Table 2
List of layer stacks and materials applied in the solar cells.
Supplier CEA EIT+ ICN2 TEIC UTV
Type of architecture Inverted Inverted Inverted (No UV filter) Conventional Inverted
Substrate PET/TCO (visiontek) Glass/ITO (Ossila) Glass/FTO (SOLEMS) Glass/ITO Glass/ITO (Kintec)
ETL ZnO (Sigma Aldrich) ZnO (Sigma Aldrich) ZnO (Sigma Aldrich) Ca (Kurt J. Lesker Company) PEIE (Sigma Aldrich)
HTL PEDOT:PSS (Heraeus) MoO5 (Sigma Aldrich) V,05 (home made, vanadium PEDOT:PSS (Heraeus) MoOs3 (5 nm evaporated)
ethoxide from Sigma-Aldrich)) (Sigma Aldrich)
PCBM PCs1BM (Merck) PCg;BM (Lumtec) PCg:BM (Solenne) PCs1BM (Solenne) PCs:BM (Solenne)
Solvents CB (Sigma Aldrich) 0-DCB (Poch S.A.) CB (Sigma-Aldrich) 0-DCB (Sigma Aldrich) CB

Metal Electrode Ag, evaporated Ag, evaporated (Kurt J.

Lesker Company)
Epoxy (Ossila)

Adhesive Thermoplastic

Encapsulation Flexible transparent Glass Glass

barrier film

Ag, evaporated (Kurt J. Lesker
Company)
Epoxy (Ossila)

Aluminum, evaporated (Kurt Ag, 100 nm evaporated (Kurt

J. Lesker Company) J. Lesker Company)

Epoxy (Ossila) Parafilm (Heathrow
Scientific)

Glass (Ossila) Glass (PEARL)

PET: polyethylene terephthalate; TCO: transparent conducting oxide; ITO: indium tin oxide; FTO: fluorine doped tin oxide; PEDOT:PSS: poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate; PCq;BM: Phenyl-C61-butyric acid methyl ester; CB: chlorobenzene; o-DCB: ortho-dichlorobenzene.
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Fig. 1. Schematic of the experimental proceedings before aging.
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Fig. 2. Further experimental procedure after production and initial character-
ization of the devices.

exposed between November 2015 and February 2016 and only during
light hours (between = 9:30 and 15:30) for a total of ~210h, in order
to avoid potential encapsulation breaking or contact oxidation pro-
blems 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).

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 ni-
trogen 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 be-
tween 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 decom-
position temperature. The molar mass was measured with size exclu-
sion 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
(CDCl3) 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 & = 2.8ppm and
8 = 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 [68]:

Integralyr

RR %) =
p3rr (%) Integralyr + Integralyy W

2.6.2. Inductively coupled plasma optical emission spectroscopy (ICP-OES)

ICP-OES was used to determine the trace metal content of the
polymers. 200-250 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 5mm 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
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Table 3
Producers of OPV devices, layer stack, layout (photo) and single device area.
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Manufacturer

Layer Stack
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Active Area (mm?)
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Fig. 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 in-
tensity range is shown in Fig. S1 (Supplementary Information).

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 [65].

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 in-
vestigated P3HT films as done in previous works [69-71]. The mea-
surement principle and basic setup of PDS is described elsewhere [72].
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 10 x 10mm? lat-
eral 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 auto-
matically collects and calibrates the data.

2.7. Device characterization

2.7.1. Current-voltage-characterization (IV)

Devices were initially IV 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
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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

2.7.3.1. 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 [73,74]. 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 Eg) (Ts), the lifetime (Tgo) or lifetime after
stabilization (Tsgo) and the lifetime energy yield (LEY) [4,11]. The
procedure to determine the LEY was introduced by Roesch et al. [4]. 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.

In case of O1 and D2 aging we restricted ourselves to analyze the
performance decay as is.

3. Results and discussion
3.1. Polymer properties characterization

The initial characterization concerned polymer materials properties
and the corresponding parameters 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 (», or
polydispersity index — PDI) exhibited smaller variations with values
between 2.0 and 2.7. The lowest molar mass, PSHT-III 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 (T¢)
and melting temperatures (Ty;) the same sample differed considerably
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from the others, exhibiting the second lowest value of T¢ = 189 °C and
the lowest value of Ty; = 222 °C. In accordance with its low RR, P3HT-
IV exhibits the lowest melting enthalpy (AHy,) 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.

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) [75,76]. Moreover, the Grignard metathesis
reaction (GRIM) was developed by McCullogh [77]. 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 [78,79].

For a very ubiquitous element like sodium, which is basically ev-
erywhere, there are barely any variations between the different P3HT
samples. Palladium content was below the detection limit for all sam-
ples (Pd-catalyst are only used for the non-standard polymerizations).
Residual palladium is known to cause shunting problems [80]. The
nickel content, the main catalyst for the standard polymerizations (e.g,
in the GRIM [51]) is also very low for all polymer samples. Only 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.

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 Fig. 4 P3HT-III
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 [51]. 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 [3], in case blend stability dominates the de-
gradation.

Photothermal deflection spectroscopy, of which results are depicted
in Fig. 5, showed an increased absorption below the bandgap for P3HT-
I, in agreement with the results from electron spin resonance spec-
troscopy (see below). The sub-bandgap absorption of the P3HT batches

Table 4
Polymer properties of the P3HT batches determined by GPC, TGA and DSC at Chalmers University.
Polymer M, My p(-) RR (%) Tp Twm Tc AHm
(kg/mol) (kg/mol) [PDI] O (O (O (g
P3HT-I 30 59 2.0 96 455 237 201 18
24 54 2.3 94 455 227 184 17
CP3HT-III 11 22 20 96 455 227 197 20
[P3HT-IV | 26 71 27 90 456 222 189 14
P3HT-V 25 60 24 95 455 236 198 21
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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 mgL mgL mgL mgL mgL mgL mgL
Blind 0.115 0.009 0.116 0.115 0.013 0.51 nn nn 0.06 0.015
Values 0.101 0.008 0.092 nn 0.009 049 nn nn 0.06 0.013
K] UEM 0.806 0.024 0.083 033 0.481 3.158 0.046 nn 0.182 0.037
I 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 3.41 0.013 nn 0.091 0.072
1.035 0.01 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
1.124 0.01 0.521 0.159 0.113 3.185 0.044 nn 0.076  0.073
P3HT- 0934 0.014 0.203 0.257 0.093 3.588 0.031 nn 0.133  0.021
v 0.949 0.014 0.203 0.224 0.094 3.591 0.029 nn 0.155 0.022
show several known features. The first one is the peak centered at Energy E [eV]
around 1000 nm which can be assigned to the P2 polaron transition 31 21 16 12 10 09 08 0.7
[70], indicating minor p-doping of all batches of the pristine P3HT. It 10 T T I I
seems that this is most pronounced for P3HT-IV, and least pronounced P3HT-I
for P3HT-I and -III. While P3HT-I contained relatively high content of P3HT-II
trace metal impurities, P3HT-III had fewer impurities making an as- '§ 1 | P3HT-1II |-
signment of the polaron peak to trace metal contents difficult. However, % P3HT-IV
P3HT-1V exhibited the highest content of Iron. Furthermore, we see an 5
unstructured absorption between 700 and 900 nm which is most pro- n 0.13
minent in P3HT-II and -V. This might be caused by amorphous mor- ‘é’
phology resulting in increased tail absorption [71]. However, interest- o
ingly, the most disordered P3HT-IV batch exhibits a lower absorption in 0.01
this range. A shallow defect state arising e.g. from chemical impurities
could also explain this feature, which might increase the recombination 1E3

rate in P3HT.

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, radi-
cals 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)
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Fig. 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.

following previously reported procedures [34,65,81,82]. 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 con-
centrations could also not be related with the findings from the ICP-OES
measurements (Table 5), as P3HT-II generally showed relatively small
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Fig. 4. UV/Vis spectroscopy results for pristine P3HT thin films of the respective P3HT batches, a) overview and b) details of the films. P3HT-III shows the highest

crystallinity.
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Table 6
Experimental results of the ESR measurements on the pristine P3HT films.
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P3HT Batch
P3HT-1

P3HT-V

Concentration of the radicals (spin/r.u.)

7.94E-6
3.98E-5

1.45E-6

4.82E-6

3.13E-6

levels of trace metals, but exhibits the highest radical concentration by
ESR. However, some correlation could be found when comparing ra-
dical concentrations with PDS data: here P3HT-II showed the highest
radical concentration in ESR, and also exhibited the strongest absorp-
tion between 700 — 900 nm in the sub-bandgap region of the PDS
spectrum. On the other hand, P3HT-III exhibited not only the lowest
sub-bandgap absorption, but also showed the lowest radical con-
centration 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-III), had a relatively
high radical concentration. These observations suggest that radical
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species identified in different samples of P3HT apparently have dif-
ferent origins.

Finally, it should be emphasized that concentration of radical spe-
cies in all investigated P3HT samples is relatively low and should not
impair the efficiency of the photovoltaic devices based on these mate-
rials as per previous findings [65]. The results of other characterization
methods applied to the P3HT batches are displayed in the Supple-
mentary Information, sections 5-8.
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Fig. 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.
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3.5. Results of controlled aging

3.5.1. ISOS-L2 degradation

3.5.1.1. Performance over time versus P3HT batches. The ISOS-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 ex-
pected that P3HT-I (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 ex-
treme cases of the molecular properties, P3HT-III 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 si-
milarly 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 Fig. 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 (Fig. 7). However, no clear correlation is found

Table 7
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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.

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
ISOS-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 sta-
bility was reached by CEA with the self-provided P3HT batch (P3HT-I),
leading to similar LEY values as reported in the literature [7]. It is in-
teresting 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 (T,) 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

Results of curve fitting of the performance decay over time. Given are the fit function, the burn-in time Tj, efficiency after burn-in Eg, operational lifetime Ts g0 (or
Tgo) and efficiency at the end of nominal lifetime Eg gy (or Ego). Finally the calculated lifetime energy yields (LEYs) for the L2 aged solar cells are given. See S59-580
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 Esgsoor Eso | Ts;soor Tso | LEY
Batch function | (%) | (h) (%) (h) (kWh/m?)
CEA P Exp - - 2.32 2241 52.9
P Lin - - 0.55 355 2.16
& BiExp 0.56 172 0.44 826 4.44
BiExp 1.84 24 1.47 509 9.56
EIT+ P3HT-1 P34 - - 0.93 229 2.39
P3HT-II 1) 144 16 1.15 1594 20.5
RISUBIIN Lin - - 0.65 1088 8.01
P3HT-IV g8 - - 0.53 1547 9.18
LogLin  0.85 180 0.56 784 5.81
ICN2 P3HT-1 [gsiisey) 022 359 0.17 10000* 14.6
P3HT-II @W) - - 0.76 458 3.9
P3HT-III e - - - - -
P3HT-IV E%) - - 0.55 114* 0.70"
BiExp 0.15 437 0.12 7248 9.83
TEIC P3HT-I BiExp 1.02 21 0.81 733 6.71
IR)SUBIMN BiExp 1.6 24 1.27 454 6.56
P3HT-III @B - - 1.79 458 9.23
P3HT-IV @i 147 11 1.26 546 7.71
BiExp 146 22 1.16 155 2.11
uTvV P3HT-1 QB - - 091 34* 0.35
P3HT-II (S - - - - 0
P3HT-III RS - - 243 17% 0.45
P3HT-IV Bl - - 0.67 14% 0.1
Lin - - 3.62 40* 1.61
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Fig. 7. ISOS-L2 aging data plotted for individual P3HT-batches (indicated in the title of each panel) for solar cell producer, respectively, their device layout.

owing to direct exposure to full light spectrum and associated heating
effects. As diffusivity suddenly increases above T,, 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 [83,84].

3.5.1.2. Performance over time versus cell producer. In Fig. 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-I
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 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.

3.5.1.3. Evaluation of lifetime energy yield (LEY). CEA and
EIT + demonstrated record LEYs of ~53 kWh/m? and 20 kWh/m?
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based on devices built with their self-provided material P3HT-I and
P3HT-II, respectively (see Tables 2 and 7). This fact is unexpected, as
P3HT-II 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 kWh/m?
were reached, for P3HT-III by TEIC, for P3HT-IV 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 MoOs 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.
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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 h, as further extrapolation to longer lifetimes is not really
supported by an about 1000 h 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 P3HT2°, 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 [85].

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 [6,86].
Notable exceptions are all of the devices by EIT +, see Fig. 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 [87]. Interestingly, the most stable device of CEA [86] pro-
cessed with P3HT-I was limited by a slowly decaying short circuit
current, while the other photovoltaic parameters were virtually con-
stant.

Finally, the fill factor showed some very interesting differences for
some cases even among cells of one manufacturer. For CEA L2, Fig. S14,
P3HT-I 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-IV and P3HT-V, in con-
trast, 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 Fig. 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-IL 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 Fig. 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 [26]. However, the value of 25% found for several
devices is due to a shunting problem. TEIC cells, see Fig. 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/m [2]. 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
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again the importance of a) a good sealing and b) in an inverted archi-
tecture to be more resilient against any breach of encapsulation.

We found that with a proper encapsulation even conventional de-
vices 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 sub-
optimal 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 ISOS-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 [5]. Thus the most stable devices
of this study correspond to about 1-5 years operational stability in the
field.

3.5.2. External quantum efficiency for L2-Ageing

Besides the pure stability and performance information, external
quantum efficiency (EQE) measurements can yield additional in-
formation. In accordance with its high crystallinity, solar cells pro-
cessed with P3HT-I commonly have an absorption onset towards longer
wavelengths than those of the other P3HT batches (see Fig. 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 in-
teresting 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 con-
centration of P3HT-I is present [88]. 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-I
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
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Fig. 8. EQE spectra for P3HT-I solar cells from different manufacturers before
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devices cast from this P3HT-I 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 experi-
ments can be found in the Supplementary Information, section 12.

Upon comparison of the EQE-data with the ageing data of the
photocurrent from ISOS-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 5.72mA/cm?. 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
[89]. It is interesting to note that already in the beginning of the ex-
periment, light bias yielded a gain in photocurrent for the same device,
see Fig. 9. Unfortunately, no EQE with bias measurements were per-
formed after the L2-ageing.

3.5.3. ISOS-D2 degradation

In contrast to our expectation, the photovoltaic devices suffered on
average more degradation under dark storage at elevated temperatures
(ISOS-D2), seen in Fig. 10, than under accelerated laboratory weath-
ering (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-II, in-
dicating 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-sta-
bility 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 si-
milarly 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 ther-
mally driven process that might be prevented (at least for the most
stable P3HT-I batch) under illumination. Finally, it should be noted that
the highest performing devices (yielding also highest hypothetical
LEYs) provided by EIT+ were obtained with the already identified
superior P3HT-batches I and II. Further data of D2 degradation ex-
periments can be found in the Supplementary Information, section 10.

3.5.4. ISOS-01 degradation

The observations made for dark ageing under elevated temperatures
could in part also be found for ISOS-01, see Fig. 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 I and II, yielded the best performance over time here.
Noteworthy are the 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 en-
capsulation used in this case over the other device layouts. In case of
the remaining cell producers, drastic failure was observed in all cases,

12

Solar Energy Materials and Solar Cells 202 (2019) 110151

independent of the P3HT batch used. Hence the conditions even under
this modified outdoor ageing seemed to be dominated by environ-
mental impacts such as water or oxygen ingress. Interestingly, ICN2
solar cells based on the P3HT-batches I and II also outperformed the
other batches, confirming their superiority. However, such exceptions
were not observed in case of CEA, TEIC and UTV, where rather a ma-
terial independent degradation was found. Further data of O2 de-
gradation experiments can be found in the Supplementary Information,
section 11.

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 [73,74].
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 me-
chanisms. Another example is charging of the active layer (doping),
which can be determined by combining impedance and CELIV mea-
surements.

Unfortunately, no systematic behavior for devices of the same pro-
ducer or using the same P3HT batch could be found. We identified two
main reasons for this: i) 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 ne-
cessary condition for analytic models to be valid [90], 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.

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
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fore L2 degradation determined at CEEC Jena.
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layer and will induce additional pathways for degradation which
should be prevented. The inhomogeneous oxidation of the metal elec-
trode 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 [74].

Fig. 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 Ol in the Negev. We
therefore speculate that it is driven by the oxygen diffusion, supported
by elevated temperatures under L2 conditions [91].

4. Discussion

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

P3HT-], yielding the exceptionally high LEY of 53 kWh/m? under
accelerated ISOS-L2 ageing, is distinguished from the other batches by
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its high crystallinity; however, P3HT-III showed in the optical char-
acterization the strongest aggregate absorption [92,93]. Furthermore,
P3HT-III 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 un-
derperformed 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 be-
havior; 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 open-cir-
cuit 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 [51,94,95]. Besides the fact that
several devices based on P3HT-III 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
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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 other-
wise leading to a reduction of the quasi-Fermi level splitting. Getting
back to P3HT-I and its properties, we may take the sub-bandgap ab-
sorption 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
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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/m? thus should be assigned to the experience by
EIT+ with this material, as it was (as in the case of P3HT-I and CEA)
provided by this lab. This reason might be also responsible for com-
parable performances between P3HT-I and -II 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 perfor-
mances.

Unfortunately, not all cell producers could reproduce these results:
in two cases (ICN2, UTV) this was not possible due to insufficient en-
capsulation of the devices, leading to extrinsic degradation becoming
dominant. However, concerning the layers involved it might be in-
dicated that PEIE is less suitable than ZnO for long-term stable electron
extraction and V,Os might be less stable than MoO3; 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-O1. This means that — at least for glass-glass sealing - also
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conventional devices exhibiting PEDOT:PSS layers can reach sub-
stantially high intrinsic stabilities.

The experience gained from this collaboration experiment could be
summarized as follows: if cell producers are confronted with new ma-
terial 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 en-
capsulation 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 ap-
propriate 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 para-
meter combines lifetime and performance into one figure of merit,
which expresses the usefulness of the solar cells in applications. This
analysis is also of vital importance for solar cells with reversible de-
gradation, for instance for perovskite-based photovoltaics [96].

5. Conclusion

In conclusion, though the overall statistics in this experiment were
challenging due to partially insufficient encapsulation and thus ex-
trinsic 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.

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/m [2].
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Performance and Stability of Organic Solar Cells Bearing
Nitrogen Containing Electron Extraction Layers

Rico Meitzner,* Juliette Essomba, Shahidul Alam, Aman Anand, Nora Engel,
Kevin Fulbert, Krisna Kuma, Fernanda Ayuyasmin, Md Moidul Islam, Chikezie Ugokwe,

Ulrich S. Schubert, and Harald Hoppe*

Charge extraction and transport layers represent an important component of
organic solar cells. Many different material groups are reported for these layers.
Two important classes are metal oxides and organic materials. Many of these
organic materials which are used as electron extraction layers (EELs) are nitrogen
containing. Therefore, it has been decided to study a broad array of—to the
largest part so far not reported—amine and imine containing organic materials as
EELs in organic solar cells and compare them with an archetypical metal oxide
electron transport layer (ETL). It enables certain structure—property relationships
to be obtained for the EELs and to understand what determines their performance
to a large part. Furthermore, their effect on the stability of organic solar cells is
studied and they are found to be reasonable replacements as a cheap, quickly
processable, environmentally friendly, biocompatible, and biodegradable

alternative as compared with ETLs.

1. Introduction

Organic solar cells (OSCs) are a promising solar energy conversion
technology, due to their potential for fast processing via roll-to-roll
manufacture, their usage of earth abundant materials, their small
environmental footprint, and last but not least their flexibility and
general freedom in design. By today there are already several
examples of notably high performances because the power conver-
sion efficiencies of OSCs surpassed 15% since the year 2019.1"
The most commonly used design today for solution-processed

OSCs is the bulk-he’[erojuncti()n,[ZJ where
an active layer, which is a blend of an
organic semiconductor acting as donor
and one acting as acceptor, is sandwiched
between two charge transport (CTL) or
charge extraction layers (CEL), which them-
selves are adjacent to electrodes, whereby
one of these electrodes has to be transparent.

These CELs have a strong impact on both
performance and stability of OSCs."*! They,
thereby, have to possess an array of qualities
such as high transparency, easy processabil-
ity, a suitable work function (WF)/energy
levels, high abundance, and a low price.[z’el
There are many different classes of CTLs/
CELs; these include metal oxides, inorganic
and organic semiconductors, organic mole-
cules with high dipole moments, and
hybrids of the aforementioned categories.*!

From the standpoint of solution processability and high abun-
dance, organic CTLs/CELs are in particular interesting and have
been extensively studied.?** Two well-known organic polymers
used as electron extraction layer (EEL) in organic solar cells are
poly(ethylene imine) (PEI) and ethoxylated poly(ethylene imine)
(PEIE).I**¢? Both of these polymers are insulators and are used
to modify the WF of the adjacent electrode through their large
dipole moment.*?! It was shown that they do so in inverted
OSCs by chemisorption to substrates such as indium tin oxide
or zinc oxide and, thereby, align their dipole moment properly to
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adjust the WF of the electrode to enable an improved contact and
efficient charge carrier extraction.[*!

Recently, a-poly-L-lysine!* was reported as an efficient EEL in
conjunction with different active layer blends, fullerene- and
nonfullerene-based alike. In this study, the materials derived
from an amino acid outperformed other organic electron trans-
port materials such as PDINO (3,3’-(1,3,8,10-tetraoxo-1,3,8,
10-tetrahydroanthra[2,1,9-def:6,5,10-d'e’f"]diisoquinoline-2,9-diyl)
bis(N,N-dimethylpropan-1-amine oxide)), PFN (poly[(9,9-bis
(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dio-
ctylfluorene)]), and PFN-Br (poly[(9,9-bis(3’-((N,N-dimethyl)-
N-ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-
fluorene)]). Also, the amino acid serinel® was reported as an EEL
and resulted in a good performance. More recently, the use of a
simple amino acid (glycine) for modification of the EEL ZnO has
been demonstrated. Indeed, the WF shifted slightly upward
(~4.11 — —4.02 eV), improving the performance.”!

On the contrary, such amine/imine compounds are also able
to improve the contact by reducing surface recombination at the
interface between active layer and electrode. Between organic
semiconductors and reactive metals like aluminum, interfacial
states can be formed; these states can help to form an ohmic
contact between the semiconductor and the metal.®! These inter-
facial states can result in injection of charge carriers from the
electrode into the organic semiconductor; this can limit the
achievable fill factor of such devices.!”! Also, surface recombina-
tion has a pronounced impact on the open-circuit voltage.'” For
nonconducting materials such as poly(methyl methacrylate)
(PMMA), Hu et al. reported no change in WF upon metal
deposition, which they interpreted as no interaction between
metal and polymer, but for polymers such as polyethylene oxide
(PEO) and polyvinylpyrrolidone (PVP) they observed a change
in WF, which they explained with coordinative interactions
between these polymers and the electrode.’ Kim et al.l'?
described several strategies used in the field of perovskite solar
cells used to passivate defect states based on the Lewis basicity of
materials, for example, nitrogen atoms in pyridine were used to
passivate defects. They also described the usage of PVP for both
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defect passivation and reduction of interfacial recombination due
to the Lewis base nature of PVP.['?

Another important factor is the stability of devices built with
such interfacial layers. Courtright et al.*¥ used PEI with different
molar masses as part of a double-layer ETL in conjunction with
ZnO and obtained a stability improvement over only ZnO, which
was dependent on the molar mass of the PEI and improved with
the same. Kim et al.’* reported the stability of inverted OSCs con-
taining PEIE as the sole EEL and retained above 80% of the initial
performance after 30 days of storage under ambient conditions.
This indicates potential for nitrogen containing organic materials
as efficient electrode modifiers for organic solar cells.

We investigated several amine and/or imine containing
organic molecules and polymers in CELs, to learn about
structure—property relations. The organic compounds used
as EELs and the layer stack used for all devices used for the
experiments are shown in Figure 1. Furthermore, we investi-
gated the stability of solar cells processed with the same and
compared this with our reference material for the ETL, which
is sol-gel-processed TiO,.*!

2. Results and Discussion

First, a layer thickness optimization for the EELs was performed.
The results of this optimization are shown in Figure SI,
Supporting Information. Some of the materials showed only
a weak dependence on the spin frequency, such as L-lysine
and L-arginine, which may indicate low film thickness in general.
However, others revealed a strong dependence such as L-histidine
and especially the amine-rich polyoxazoline copolymer. The high-
est performance could be achieved with 1-arginine, even in com-
parison with various differently processed TiO, layers, as shown in
Table 1. Due to the relatively large device area of 0.42 cm?, the
devices showed in general a performance distribution at the inter-
mediate range of the values reported for this material system.**l

The devices with r-arginine as EEL showed an open-circuit
voltage which got closest to the maximum reported for this

NH,

o ’ @0
(0]

Iz
\

(h)

Al

ITO

GLASS

Figure 1. Schematic representation of organic materials used as EELs: a) L-histidine, b) L-lysine, c) L-arginine, d) poly-L-lysine, €) P(MeOx4o-stat-AmOx;o),
) P(MeOxsq-stat-AmOxy0) and g) PMeOxyo. h) The active layer stack used for the devices used for the experiments, which was a conventional layer stack.
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Table 1. Photovoltaic parameters of the solar cells with different layer stacks. All values are averages with the respective standard deviation.

EEL Voc [mV] Jsc [mA cm’z] FF [%] PCE [%] Rs [Q] Rsp [kQ]

L-Histidine 832419 11.124+0.33 483 +£0.5 4.46+0.23 16.0+1.8 1.05 4 0.06
L-Lysine 858 +12 11.27 +£0.15 49.0+0.8 4.73 £0.09 153 +3.2 0.90 £0.25
L-Arginine 869 + 7 10.99 +0.34 51.341.0 4.89+0.12 12.0+£0.0 1.304+0.09
Poly-L-lysine 850+ 22 11.06 +0.37 49.8 £1.7 4.68 +0.42 13.3+1.5 1.26 +0.06
P (MeOxyo-stat-AmOx ) 85749 10.11 £0.20 46.5+2.4 4.02+0.17 13.84+1.5 0.98 £0.13
P (MeOxsq-stat-AmOxyo) 854418 10.65 £+ 0.50 50.0+£0.0 4.55+0.26 14.0+3.6 1.22+0.06
PMeOxyq 795+ 16 10.204+0.12 448 £0.5 3.62+0.03 163+£13 0.92 £0.05
No EEL 656 4+ 18 10.53 +£0.24 43.8+0.5 2.94+0.16 184.54+72.9 0.68 £0.03
Methanol overcast on PAL (no EEL) 772+ 9 10.80 +0.20 458 £0.5 3.814+0.14 10.3+£0.5 0.98 £ 0.05
TiO,, reference 670 + 315 9.75+0.73 41.0+£10.7 3.00+£1.77 11.34+1.0 0.69 £ 0.49
TiO,, diluted 84245 9.14+0.08 445+1.0 3.45+0.07 17.5+£13 0.97 £0.05
TiO,, unannealed 784 +£12 10.45 +0.26 47.8+13 3.92+0.13 9.8+1.0 1.04 4 0.08

system, which is around 900 mV for all of the devices.*”! The
short-circuit current density of most devices was between 10
and 11mA cm 2, which is close to the maximum for this
system, which is around 12mAcm 2. Only if devices were
processed with TiO, photocurrent densities were lower, which
might be due to induced aggregation of the PC,;BM.!"® The fill
factor of the L-arginine-based device reaches above 50% and the
overall performance of these devices is close to 5%, which is a
good performance for this photoactive layer (PAL). The series
resistance is close to 10 Q, which is a decent result for devices
with an area of 0.42 cm?, whereas the shunt resistance is clearly
above 1kQ, which is a good result for an organic solar cell.

While the device without any EEL showed a pronounced
S-shape—corresponding to a blocking contact—at the open-
circuit voltage (Voc),!'”! a simple overcast with methanol via
solvent dripping and spin casting resulted in an ohmic contact
and an improved performance.™® The I-V curves of these
devices are shown in Figure 2.

Devices with polyoxazoline polymers as ETL show an improv-
ing performance with increasing amine content with respect to

a
( ) -1 10 IL H td| 1 1 1 1
—— L-Histidine
100 4| — L-Lysine
90 4 | = L-Arginine
—— Poly-L-Lysine
80 § | —— P(MeOx,-stat-AmOX, )
= 70 4 | = P(MeOx,-stat-AmOX,)
c 60d|l— PMeOx,,
= ——No ETL
= 50 §| —— No ETL, MeOH
= 04| — TiOx
8 —— TiOx, diluted
30 § | —— TiOx, no annealing
20 4
10 4
0
'1 0 T T T T T T
-20 -15 -1.0 -05 00 05 10 15 20

Voltage [V]

the amine groups in the side chain (with PMeOx,, having 0%
content, P(MeOxy¢-stat-AmOx;o) having 20% amine content,
and P(MeOx;¢-stat-AmOx;,() having 40% amine content). The
correlations between amine content and the photovoltaic param-
eters are shown in Figure 3. All photovoltaic parameters are
roughly improved by about 10% for increased amine content,
leading to a performance improvement by one-third. This is
accompanied by a 40% drop in the series resistance and an
increase by nearly 40% of the parallel resistance, demonstrating
the effect coming from the CEL and its impact on selectivity and
ease of charge extraction. Indeed, a further increase in the amine
content does promise even higher performance parameters
because no saturation was visible so far.

It was especially attractive that the amino acids performed
so well, as they are low cost and show no issue with reproduc-
ibility, unlike polymers, which can vary from batch to batch.
We investigated more in depth in how far the structural differ-
ences between the amino acids affected their performance. It is
well established that the dipole moment of nitrogen containing
organic molecules impacts performance in organic solar cells.[*!

(®) 110 : : : : : ' :

—— No EEL J
100§ —No EEL, Methanol overcast
90 -
80 -
70 -
60 -
50 4
40 -
30 -
20 -
10 4
0 ==
-10 T T T T T T
20 -15 1.0 -05 00 05 1.0 15 20
Voltage [V]

Current [mA]

Figure 2. a) I-V curves for all solar cells before degradation and b) specifically again for the devices without EEL. The device without methanol
overcast shows a severe S-shape around the open-circuit voltage, while that S-shape is entirely suppressed for the device with the methanol being

overcast on the active layer before electrode deposition.
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Figure 3. Correlations between amine content in the polyoxazoline polymer and statistical copolymers with the photovoltaic parameters of the solar cells

containing the respective polymers as EEL.

All of the polar groups in these amino acids are proton donors or
proton acceptors. Therefore, special attention was paid to the
dissociation constants of the amine/imine and carboxylic groups
within the amino acids.

In Figure 4, the correlation between dissociation constants of
the different polar groups with respect to their position in the
molecule and open-circuit voltage, fill factor, power conversion
efficiency, and series resistance is shown. Figure 4a shows a
clear direct proportionality between the dissociation constant of
the amine/imine group in the side chain and the open-circuit
voltage; the same is observed in Figure 4b,c for fill factor and
power conversion efficiency. However, Figure 4d shows an
inverse proportionality between dissociation constant and series
resistance.

Energy Technol. 2020, 8, 2000117 2000117 (4 of 9)

The dissociation constant of the different amine/imine
groups is a direct proxy for the polarity of the respective groups,
i.e., how willingly the nitrogen of the amine group will share its
nonbinding electron pair and, therefore potentially, for their
dipole moment. This correlation can be understood, if the amino
acids are forming a mostly ordered layer on top of the active layer
with the dipole moment of the amine/imine group in the side
chain facing toward the active layer, which was reported in
the past for PEI and PEIE by Zhou et al.[*!

To yield a better understanding for the effect of the EELs,
Kelvin probe measurements were performed on samples consist-
ing of layer stacks as sketched in the inset of Figure 5b. These
measurements have been performed either in the dark or in
under illumination, with a corresponding excitation density of

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. a) Dependence of the open-circuit voltage, b) fill factor, c) PCE, and d) Rs on the dissociation constant of the amine/imine group in side chain
and a-amine group. There is a clear increase in Voc with increasing pK of the side chain amine/imine group.
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Figure 5. WF over open circuit voltage in a) dark and b) under illumination. Inset in (b) is the layer stack on which the WF was measured.

about 1 sun, yielding WF values that can be seen in the following
schemes (Figure 5a,b). Intriguingly, the results displayed—if any
at all—rather show an anticorrelation between the WF and
the open-circuit voltage. In case of the nonilluminated layer
stacks, increasing WFs do roughly correspond to increased pho-
tovoltages (Figure 5a); this seems at first glance contradictive;
however, if we assume that WF changes are a result of interfacial

Energy Technol. 2020, 8, 2000117 2000117 (5 of 9)

dipoles, which face with their positively charged part downward
to the photoactive layer (and thus do attract electrons from
within), the negatively charged part should face up to the outside
or upper side of the layer stack. The latter situation is known for
PEDOT:PSS to result in higher WFs too; however, the photoac-
tive layer would then be processed on top of the PEDOT:PSS,
enabling hole extraction, whereas in our case the photoactive

© 2020 The Authors. Published by Wiley-VCH GmbH
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layer is buried below the CEL yielding an extraction for the
opposite sign of charge—i.e., electrons. In addition, once the
layer stack is illuminated, most of the applied EELs yield a
WF at the upper end (compare with Figure 5b) of the values
found for the dark case, thus confirming that rather high WFs
measured on top of the layer stack are in correspondence of elec-
tron accumulation below the dipolar EEL. In addition, it should
be considered here that the application of a metal electrode
deposited from the gas phase (physical vapor deposition
[PVD]) may result in a different electronic environment, and then
the abrupt termination by the molecular dipoles of the EELs: the
negative charge facing toward the metal may be well compen-
sated for by the high electron density of the metal itself. Apart
from these considerations of dipolar effects on charge extraction,
there are several reports!*®! indicating the positive impact of CTLs
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Figure 6. Aging curves for the best performing devices.
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on reducing surface recombination at the electrode. The pK-value
is also an indication for the readiness of the respective nitrogen
of the different amine/imine groups to share one of its free elec-
tron pairs in a coordinative bond, or in other words, the pK indi-
cates the strength of the Lewis basicity. As a consequence, an
amine/imine group with a higher pK may more easily passivate
defects at the interface between active layer and electrode,
and therefore yield reduced surface recombination. This is also
in good agreement with the trend seen for the polyoxazolines, as
there is a direct proportionality between the open-circuit voltage
and the amine content of these polymers, specifically.

Apart from the performance, the stability of organic solar cells
is a decisive parameter for their applicability. Therefore, we stud-
ied the stability for accelerated aging under ISOS-L1 conditions
using LED illumination without UV contents.*"
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In Figure 6, the aging curves for the most stable devices
for each EEL are shown. The decay curves generally follow a
biexponential decay dynamic with a fast-initial decay, generally
characterized as the burn-in and followed by a much slower
decay. In Figure 6, the aging curves for all solar cell parameters
for the longest living solar cells can be seen. For the open-circuit
voltage, it can be seen that thicker TiO, ETLs show no or a negli-
gible burn-in, the thin TiO, layer shows some burn-in, and all of
the organic EELs reveal a clear burn-in. Interestingly, that burn-
in was even stronger for L-lysine, poly-L-lysine, and PMeOx;q
than for no interfacial layer. The simple overcast of the active
layer with methanol considerably reduces the burn-in depth,
whereas the long-term decay proceeds with a similar rate than
the solar cell without overcast. The long-term decay rate of the
thin TiO, layer is similar to the solar cell without any interlayer,
suggesting a similar interface and thereby only partial coverage
or diffusion of Al toward the PAL through pinholes in the
TiO,, layer.

The lifetime data of the devices are shown in Table 2. From the
aging data shown in Figure 6 and in Figure 31-42, Supporting
Information, the burn-in time was estimated to be around 100 h;
we than calculated the lifetime from the slope of between 333 and
1000 h. The lifetime energy yield (LEY)°"! for these devices was
also determined, which is also shown in Table 2. For the amino
acids EELs, there is some quite clear trend, which shows a reduc-
tion of lifetime with increasing pK,. Poly-L-lysine has a similar
lifetime and LEY to 1-lysine, whereas for the polyoxazolines there
is no clear trend with additional amine content. For the devices,
without a transport layer the overcast with methanol alone results
in an increase in the LEY by roughly 50%, which is quite a
remarkable improvement. Solar cells with TiO, as ETL show a
reduction of lifetime and LEY upon thinning out the TiO, layer

Table 2. Lifetime data of the solar cells aged under ISOS-L1 conditions.
Some devices show a large standard deviation as there occurred ingress of
oxygen and moisture, which accelerated degradation for individual cells.

ETL/EEL Burn-in  Lifetime, Standard LEY  Standard deviation
time [h] tsgo [n] deviation [h] [kWhm %] [kWhm 7
L-Histidine ~100 1966 847 59.8 34.7
L-Lysine ~100 1614 614 49.6 17.6
L-Arginine ~100 1187 162 385 6.7
Poly-L-lysine ~100 1434 188 45.8 49
P(MeOxyo-stat-  ~100 1084 184 25.7 5.9
AmOxy0)
P(MeOxsg-stat-  ~100 1546 270 45.3 6.5
AmOxy0)
PMeOxz0 ~100 1409 291 36.4 8.5
No EEL ~100 1347 257 29.4 5.2
Methanol ~100 1542 284 42.8 8.4
overcast on
PAL (no EEL)
TiO,, reference =100 2703 1235 81.9 31.1
TiO,, diluted ~100 1812 434 44.6 9.8
TiO,, ~100 1226 398 39.4 12.6
unannealed
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as well as without annealing of the TiO, layer. It can be expected
that for a thinned out layer there should be more pinholes in that
layer and a less complete interface between metal electrode and
active layer, which seems to effect lifetime negatively. For the
nonannealed device, condensation and densification are to be
less sufficient than for the annealed TiO,, resulting in a more
permeable interface layer, with also a higher content of remain-
ing organic residues.

3. Conclusion

In this work, we have presented a wide variety of organic inter-
layer materials that work sufficiently well as EEL. It was possible
to obtain an improved understanding of their structure—property
relationships. Following insights were gained based on this
study: with increasing pK of the second amine group of amino
acids, organic solar cell performance improved, which could be
either due to dipolar effects at the interface between photoactive
layer and metal electrode or tied to a reduction in surface recom-
bination, originating from an interplay of their different func-
tional proton donating/electron pair accepting and proton
accepting/electron pair donating groups. For the subgroup of
polyoxazolines, an increase in performance with an increasing
content of amine groups was found. While exceptionally high
stabilities remain an exclusive domain for optimally processed
titanium oxides, the amino acid L-lysine resulted in a comparable
stability to the metal oxide-based ETLs in this study and thereby
presents an attractive, cheap, easy-processable, biocompatible,
and biodegradable alternative to these.

4. Experimental Section

Polyoxazoline Preparation: 5-Aminovaleric (Alfa Aesar), acetic acid
(Sigma-Aldrich), and triethylamine (Sigma-Aldrich) were used as purchased.
Acetonitrile was obtained from a solvent purification system (SPS; Pure
solv EN, InnovativeTechnology) and stored under argon. Methyloxazoline
(Sigma-Aldrich) was dried over barium oxide (ACROS) overnight, distilled
to dryness, and stored under argon (or “inert conditions”). Methyltosylate
(Sigma-Aldrich) was stirred over calcium hydride (Sigma-Aldrich) overnight
at 27°C, distilled to dryness, and stored under argon. All other chemicals
were obtained from commercial sources and used without further purifica-
tion unless otherwise noticed. The synthesis of 2-(4-((tert-butoxycarbonyl)
amino)butyl)-2-oxazoline (BocOx), the copolymerization of BocOx and
MeOx as well as the deprotection of the polymer were done as reported
in the literature with slight modification (endcapping with acetic acid
and triethylamine instead of sodium azide).*"!

Solution Preparation for EELs and ETLs: L-Histidine, L-lysine, L-arginine,
PMeOx,o, P(MeOxyo-stat-AmOx;o), and P(MeOxsg-stat-AmOx,o) were dis-
solved in methanol at a concentration of 0.5 mgmL™" and 0.25 vol% of
acetic acid was added.*? Poly-L-lysine was used as a solution of 1wt%
in deionized water, which was diluted by the same volume of methanol
to achieve a concentration of 0.5 wt% in a solvent ratio of water:mmetha-
nol 1:1 to these solutions also 0.25 vol% of acetic acid was added. TiO, was
processed as previously reported;?%??! only in the case of the diluted
TiO,, the precursor solution was diluted to 1/10 of the usual concentration
by dilution with isopropanol.

Solution Preparation for Active Layer. PCDTBT (1M) and PC;1BM
(Solenne) were dissolved in a solvent mixture of CB:CF ratio 1:1. The
concentration of PCDTBT was 5 mgmL™"' and the ratio of PCDTBT to
PCBM was 1:2. The solution was stirred for 2 weeks at 50 °C at 700 rpm.

Processing: Prestructured substrates of ITO on glass (Xinyan
Technology Ltd., 100hmsq™') were cleaned by ultrasonication for

© 2020 The Authors. Published by Wiley-VCH GmbH
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15 min in toluene, followed by sonication for 15 min in isopropanol. Before
coating, each substrate was individually dried with an air gun using dry N.
Afterward PEDOT:PSS (Clevios PH) was spin-cast at 3000 rpm for 35 s and
structured with a moist cotton tip; then they were transferred on a hot
plate at 50°C. All PEDOT:PSS samples were then annealed at 178 °C
for 15 min and immediately after annealing transferred to a nitrogen glove
box. PCDTBT:PC7;BM was spin-cast on the PEDOT:PSS at 1200 rpm for
45s. Afterward the different EELs and ETLs were processed. For the
organic EELs, multiple spin frequencies were used to vary the thickness.
The chosen spin frequencies were 800, 1000, 1500, 2500, and 4000 rpm.
The organic EEL solutions were spin-cast as prepared at the aforemen-
tioned spin frequencies. For the solar cells with the methanol, overcast
1 mL of methanol was dropped on the active layer, followed by spinning
at 3000 rpm for 30s to remove the Methanol. The TiO, layers were
processed according to the same procedure as earlier reported;*¥ only
in the cast of the nonannealed samples, no annealing was performed after
deposition. Following the samples were placed into a mask and aluminum
was evaporated at a pressure of below 5E-5 mbar. After deposition of the
electrode, the size of the solar cells was determined by the overlap of
patterned top and bottom electrode and resulted in 0.42 cm? devices;
the solar cells were sealed with glass slides using a UV curable epoxy glue.

Characterization: Samples were characterized under a LED solar
simulator (Wavelabs Sinus 70) calibrated to 1 sun intensity and with an
AM1.5G spectrum. The solar cells were measured from —2 to 2V with
a NPLC of 1, a wait time of 10 ms, and a step size of 10 mV. External quan-
tum efficiency (EQE) was characterized using a BENTHAM PVE300. The
EQE was measured in a range from 300 to 900 nm in 10 nm steps; this
measurement was performed without and with a light bias. To investigate
the WF of different CELs, a single-point Kelvin probe system from Anfatec
Instruments AG was used. All the measurements were performed in ambi-
ent air. Highly oriented pyrolytic graphite (HOPG-WF = 4.46 eV) which is
chemically stable in the ambient atmosphere was used for the calibration
of the Kelvin probe system. The measurements were carried out at 22 °C
and 20-30% relative humidity conditions.

Degradation: Degradation experiments were performed on a self-built
aging setup. The light source was white light LEDs and the temperature
in the setup was set to 45 °C with the temperature sensor being shaded.
The conditions were kept in accordance to ISOS-L1 protocol. Light inten-
sity of the LED was set to an excitation density of 1sun for these cells.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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ABSTRACT

Current-voltage (IV) characterization is the most fundamental measurement performed on solar cells. This measurement is commonly used
to extract basic solar cell parameters, such as open circuit voltage, short circuit current density, fill factor, and power conversion efficiency.
We were able to obtain a fast tool to find defective behavior using Simulation Program with Integrated Circuit Emphasis simulations and
generate an understanding of which device property can create such defective behaviors by analyzing the second derivative of IV curves.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0089706

1. INTRODUCTION

Organic solar cells represent a highly promising technology
for the future of sustainable energy.'~ Due to their specific applica-
bility for agrivoltaic applications, they can enable rapid electrifica-
tion, particularly in more remote locations."™ Recently, they have
achieved 18% Power Conversion Efficiency (PCE) on lab scale” and
around 14% on module scale.” They can obtain a very low environ-
mental footprint® and have shown that they are able to achieve
long lifetimes sufficient for market entry.'™'" Their development is,
for the moment, still driven mainly by serendipity, as many metrics
of their materials cannot easily be predicted just from their struc-
ture. Hence, many compounds have to be synthesized and the
properties have to be experimentally determined.

The most basic measurement with which every solar cell is
evaluated is a current-voltage (IV) characterization, where the solar
cell is measured under an AM1.5G compatible light source, to
determine its performance. The solar cell under these circum-
stances should behave like a diode under illumination and should,
therefore, follow the Shockley equation]2 with an additional term
for the series and shunt resistance that a real solar cell always has,

V + IR V + IR
’:’L"‘){e"p(‘ﬂTﬂ)‘l}‘ & O

with I being the current, I; the photocurrent, I, the dark saturation
current, q the elementary charge, V the applied voltage, Rs the
series resistance, # the diode ideality factor, kp the Boltzmann cons-
tant, T the temperature, and Ry, the shunt resistance.

Any deviation from the behavior of an ideal diode is usually
associated with performance losses. Hence, the shape of the IV
curve is also the most fundamental indicator of a well-functioning
or aberrant device. Obtaining a better understanding of aberrations
in an IV curve can be the first step to understand which part of the
device/layer stack is not working as expected. A usual way to do so
can be simulations of the I'V behavior. A well-established tool to do
so is SPICE'"™"” (Simulation Program with Integrated Circuit
Emphasis), which allows to model equivalent circuits of solar cells.

It has already been widely used in the analysis of organic solar
cells. For example, Zuo et al. used an equivalent circuit model to
understand the occurrence of S-shapes in vacuum processed
organic solar cells in dependence on the anode buffer layer that
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FIG. 1. IV curves (a) of PCDTBT:PC;1BM based organic solar cells without and with an overcast of methanol done on top of the active layer and their respective second
derivatives (b).

was used.'® They, thereby, found that their results were best
explained by assuming a Schottky contact at the interface to the
anode buffer layer and the active layer. Yoo et al. studied light
dependence of organic solar cell performance via the usage of
equivalent circuit models.'” They found that it was not possible to
sufficiently describe their experimental results with a circuit model
containing only a single diode and a single shunt resistance, but
instead, they had to add a second one of each of these components,
showing light-dependent parameters. Though they also stated that
from these fitting parameters alone, it is not sufficiently possible to
draw conclusions about individual physical processes occurring in
the solar cell and more sophisticated methods have to be applied to
gain a deeper understanding of the processes.

Qi et al. studied the changes in fill factor (FF) in organic solar
cells using equivalent circuit models. They modeled the impact of
series and shunt resistances, as well as of dark saturation current
density and diode ideality factor on the FF. Furthermore, they
studied how the S-shapes can be explained with equivalent circuit
models and concluded that the various physical processes that can
result in an S-shape in the end still result in a common effect, which
is a reduction in the internal electric field due to charge accumula-
tion and, thereby, hinder charge carrier extraction and increase
recombination. Ecker et al. also studied the impact of light soaking
on inverted organic solar cells with a titanium oxide electron trans-
port layer (ETL) via the usage of equivalent circuit models.'® They
proposed a circuit with multiple capacitances, where one was associ-
ated with the TiOy layer, while another one with the capacitance of
the active layer. They found that upon light soaking, the capacitance
of the active layer is reduced due to a reduction of resistance of the
TiOy layer, therefore increasing the internal electric field in the
active layer and helping with charge extraction.

S-shapes in the IV curves of organic solar cells are a well-known
deviation from ideality.'”'>'” They can be caused by blocking

contacts, reductions of charge carrier mobility of one charge carrier,
space charge zones, for example, due to the accumulation of trapped
charge carriers, and limited surface recombination at any of the
charge extraction layers. Besides the S-shapes, there can also be more
subtle abnormalities,””' which nonetheless reduce the overall

a) R2 b)
R
" D1 R1 Vit V1
% SR GREE
| D Vol v
N
D1 R1 V1
e
D \'

FIG. 2. Equivalent circuits of solar cells in LTSpice: (a) Standard equivalent
circuit of a solar cell with photocurrent (I1), Diode (D1), Shunt Resistance (R1),
Series Resistance (R2); (b) circuit used to evaluate the impact of dark saturation
current and diode ideality factor on the second derivative of the IV curve; (c)
circuit used to evaluate the impact of series resistance on the second derivative;
(d) circuit used to evaluate the impact of shunt resistance on the second
derivative.
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FIG. 3. IV curves simulated in LTSpice plus their respective second derivatives: (a) impact of dark saturation current variation; (b) impact of diode ideality factor variation;

(c) impact of series resistance variation; (d) impact of shunt resistance variation.

performance of a device, and actually for an aged device, might be
an early indicator of further degradation in the future.

The scope of this paper is to present an additional and new
way on how to analyze data obtained from IV characterizations. On
the one hand, we determined the second order derivatives of the IV
curves in order to emphasize the characteristics of the measured
curves. On the other hand, however, we used SPICE," in order to
address electric circuits and their IV characteristics. This enables us
to narrow down the type of particular appearing defects. Thus, we
are able to apply only the really required sophisticated methods to
study device defects in organic solar cells and analyze them faster.

Il. EXPERIMENTAL

A. Materials

ITO glass was obtained from Xinyan Technology Ltd.
and had a sheet resistance of 10Q/sq. The PEDOT:PSS

[poly(3,4-ethylenedioxythiophene) polystyrene sulfonate] used was
Clevios PH from Heraeus for unaged devices; for the devices on
which aging was performed, PVP AI 4083 was used. As donor
polymer PCDTBT (poly[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-
2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl],
poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1’,
3/-benzothiadiazole)]) obtained from 1-material was used. The
acceptor used was PC;;BM ([6,6]-phenyl-C71-butyric acid methyl
ester) that was obtained from nano-C. A solution of PCDTBT:
PC;;BM in CF:CB (1:1) was prepared two weeks before the process-
ing of the devices. The PCDTBT concentration was 5 mg/ml and the
ratio between PCDTBT and PC;;BM was 1:2; it was kept at 50 °C
and stirred at 700 rpm. For the devices shown in Figs. 10 and S2 in
the supplementary material, solutions of TTFQx-T1:PC;;BM,
TTFQx-T1.ITIC, HFAQx-T:PC,,BM, and HFAQx-T:ITIC were pre-
pared in the glovebox with a ratio of 1:1.5 in chlorobenzene. The
solutions were kept stirred overnight on a hot plate at 50 °C.
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FIG. 4. Combined impact of series resistance and (a) diode ideality factor and (b) dark saturation current.

B. Processing

Substrates were cleaned by first sonification of the ITO glass
substrates in toluene for 15min, followed by sonification for
another 15 min in isopropanol. Following this, the substrates were
dried with dry nitrogen. PEDOT:PSS was coated via spin coating
on the substrates at 3000 rpm for 35s. Each sample was structured
via the usage of a moist cotton tip and annealed at 178 °C for
15 min. After annealing, they were immediately transferred into a
nitrogen glovebox. PCDTBT:PC;;BM solution was spin-cast on the
PEDOT:PSS at 1200 rpm for 45 s. For different sample processing,
methanol was either applied after active layer processing or not.
For the samples with methanol treatment, they were either spun up
again and methanol was dropped onto the spinning active layer or
the samples were at rest. Methanol was dropped on the active layer
and the sample was spun again for either 30 s or 1 min. After meth-
anol was initially dropped onto the sample, for aged devices, the
active layer was post-treated with methanol for 45s. After the
active layer processing and potential post-treatment, the samples
were transferred to a shadow mask and placed into a vacuum

FIG. 5. Equivalent circuit in LTSpice to study the origin of abnormal behavior of
the IV curve in the devices seen in Fig. 1.

chamber to thermally evaporate an aluminum electrode. At a pres-
sure below 5E-5mbar, a 200 nm thick Al electrode was deposited
onto the samples. Following, the samples were sealed with a glass
slide and UV curable epoxy glue.

Processing for the devices in Figs. 10 and S2 in the
supplementary material followed a similar procedure as with the
PCDTBT:PC,;BM devices, with the following alterations; for
TTFQx-T1:PC;;BM solutions, before spin casting, 0.5 vol. % DIO
was added; TTFQx-T1L:ITIC devices were thermally annealed at
150 °C for 10 min inside the glovebox; for HFAQx-T:PC;;BM solu-
tions, before spin casting, 0.25vol. % DIO was added; HFAQx-T:
ITIC devices were thermally annealed at 130 °C for 10 min inside
the glovebox. Additionally, in these devices, a Mg layer of 50 nm
thickness was thermally evaporated before the deposition of the Al
electrode.

C. Characterization

Samples were characterized using a solar simulator (Wavelabs
Sinus 70) calibrated at an intensity of 1sun and with an AM 1.5G
spectrum. A SMU (Keithley 2400) was used to record the IV curves,
the settings were NPLC of 1, a wait time of 10 ms, and a measure-
ment range of —2 to 2V split into 10 mV measurement intervals.
Samples were aged in a custom setup at 45 °C ambient temperature
and under a white light LED, compatible with ISOS-L1 proto-
cols.”>* Aged samples were measured and automated at 30 min
intervals with a sweep range from —2 to 2V in 10mV intervals,
with an NPLC of 1 and a wait time of 10 ms. A Keithley 2700 SMU
was used in combination with a multiplexer from Keithley.

Anfatec Instruments AG (Germany) single-point Kelvin Probe
(KP) system was used for work function measurements. All of the
measurements were carried out in the open air. The KP system was
calibrated using highly oriented pyrolytic graphite (HOPG) with a
known work function of 4.46 (+) 0.04 eV. HOPG was freshly sliced

J. Appl. Phys. 132, 015001 (2022); doi: 10.1063/5.0089706
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FIG. 6. Simulation results from LTSpice for the equivalent circuit shown in Fig. 5. There are clearly two distinct peaks visible, whose position and ratio can be neatly modi-
fied by the proper choice of parameters; (a) /V curves for the variation of resistance ratio between R1 and R2, the inset is showing a close up of the IV curves around the
maximum power point; (b) respective second derivative of the /V curves in (a); (c) /V curves for the variation of dark saturation current of the weak performing diode.

with the use of a sticky tape for each calibration of the KP system,
exposing a pristine graphite surface.
D. Simulations

All equivalent circuits in this paper were simulated using the
software LTSpice,”” due to its free-of-cost availability and compati-
bility with various operating systems.

I1l. RESULTS AND DISCUSSION

In Fig. 1, the IV curves of conventional organic solar cells
based on an active layer of PCDTBT:PC;;BM are shown. The cells

were treated with methanol after spin casting the active layer. On
the basis of an earlier work, we knew that treatment with methanol
is able to reduce the S-shape character of the IV curve of an
organic solar cell.”” The first IV curve in Fig. 1(a) shows a cell
where no methanol was used as a post active layer processing step
and one can see a clear S-shape in the IV curves of all the cells on
this device. In Fig. 1(a), the second IV curve shows the cell where
after the active layer deposition, 1 ml of methanol was dropped on
the active layer while the substrate was spinning. One can clearly
see an improvement in the device characteristics, but there is still
only a weakly visible kink around the maximum power point
(MPP) of the cells, which is marked with a light green oval. To get
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FIG. 7. IV curve simulations of circuits containing multiple sub-solar cells as shown in Fig. 2(a). For more details, see the supplementary material; (a) identical parameters
for all sub-solar cells, overall device series resistance kept constant and (b) increased variation of sub-solar cell variation.

a better picture—if this kink might still be a very weak S-shape—
we calculated the second derivative of the IV curve, as an S-shape
should have an inflection point and should, therefore, show up as a
crossing of the voltage axis in the second derivative. The second
derivative for this cell is shown in (b), and it can be seen that there
is no crossing of the voltage axis; instead, there is only a flat spot.
From the second derivative of the first IV curve seen in Fig. 1(a),
which is shown in (b), one can clearly see that an S-shape is also
resulting in a crossing of the voltage axis. For the last two cells
shown in Fig. 1(a), methanol was dropped on the active layer after
its processing and the devices were kept coated with methanol for
either 30 s or up to 1 min before it was spun off the films. For both
of these devices, the flat spot in the IV curve visible as a valley in
the second derivative disappeared, and only a single peak remained,
which was above the value of the open-circuit voltage of the
devices.

To gain a better understanding of what these different shapes
of second derivatives mean for the processes happening in the solar
cell, we performed simulations of the IV curves via the usage of
SPICE. First, we wanted to understand the contributions of differ-
ent circuit elements in the standard equivalent circuit used for
solar cells on the second derivative. Figure 2 shows the different
equivalent circuits we used in SPICE, (a) is the well-established
equivalent circuit of a solar cell with a photocurrent source (I1), a
diode (D1), a shunt resistance (R1), and a series resistance (R2); (b)
was the circuit used to gain an understanding of the parameters
impacting the second derivative in terms of the diode parameters,
with only a diode being present. Furthermore, (c) and (d) were the
basis for studying the impact of either series or shunt resistance on
the second derivative.

In Fig. 3, the simulated IV curves and their respective second
derivatives are shown, (a) and (b) are based on simulation results
done with the circuits shown in Fig. 2(b), while for Fig. 3(a), the
diode ideality factor n was kept constant and the dark saturation
current I, was varied for (b) I, was kept constant, while n was

varied. The variation of I and n only results in a shift of where the
second derivative is starting to increase, which is an expected
result, as without series and shunt resistance, the diode equation is
a simple exponential function and will keep its principle shape
even after derivation only with a modified pre-factor. Figure 3(c)
shows the simulation results for the circuit shown in Fig. 2(c) with
Rg added; here, I, and n were kept constant, while Ry was varied.
The second derivative in this case shows a clear peak around the
open-circuit voltage of the simulated IV curve and it is qualitatively
similar to the second derivative of the solar cells IV curves shown
in Figs. 1(f) and 1(h). This peak can be understood when looking
at what the second derivative represents, namely, a change in con-
ductivity with the applied bias. The only element in the circuit
showing a bias-dependent conductivity is the diode. Because for
increasing voltage bias, the diode behavior dominates the IV char-
acteristic, and thus, the increasing bias causes an increase in
current density. For a greater voltage bias, however, the ohmic part
of the series resistant will start to govern the IV characteristic.
Because of the linear relation between current and voltage for an
ohmic resistor, the second derivative of the current with respect to
voltage bias is zero, which is why the whole IV characteristic of the
solar cells becomes zero for sufficient great bias; thus, the increas-
ing current for diode-governed bias and decreasing current until
zero for ohmic-governed bias explain why in any real solar cell the
second derivative of the IV curve is expected to show a peak. This

TABLE I. Possible impacts of methanol washing on the active layer.

Hypothesis “Short-term” “Long-term”  Probability
Removal of impurities X X Possible
Formation of a SAM X X Low
Stratification of active

layer X Possible
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FIG. 8. IV curves and their respective second derivatives for organic solar cells (OSCs) of the first 24 h, aged under ISOS-L1 conditions. Each curve was measured auto-
matically every 30 min. For the second derivative, some curves were plotted with 90% transparency for better visibility. (a) /V curve for the device developing a blocking
contact within 24 h; (b) respective second derivative; (c) device is not developing a blocking contact within 24 h; (d) respective second derivative.

behavior can be witnessed for the second order derivatives.
Figure 3(d) shows the IV curve of the simulation done with the
equivalent circuit shown in Fig. 2(d). All the curves shown for the
second derivative are on top of each other, ie., they do not vary
with shunt resistance, as all the other parameters were constant for
these simulations. This result can be easily understood as the term
for shunt resistance in the diode equation is a linear term, i.e., it
disappears after twice differentiating the equation.

From Fig. 3(c), we saw some interesting interactions between
the diode in the circuit and the series resistance on the second
derivative of the IV curve, i.e., a peak started to form. For a better
understanding of the shape and position of this peak, we further
studied the interplay between series resistance, dark saturation

current, and diode ideality factor. The results of these simulations
can be seen in Fig. 4; the equivalent circuit used was the same as
for Fig. 3(c). In Fig. 4(a), the impact of the diode ideality factor can
be seen on the height, position, and width of the peak in the
second derivative—an increase in n results in a reduction in peak
size, a shift in peak position toward higher voltages, and an
increase in the overall width of the peak. Figure 4(b), on the other
hand, shows the impact of dark saturation current on the peak, and
the only impact this parameter has is a shift in peak position with
a shift toward higher voltages with a reduction in dark saturation
current.

From previous simulations, we saw that a combination of the
series resistor and diode results in a peak in the second derivative.
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This showed that for the shape of the second derivative found for
the solar cell with a simple overcast of methanol while spinning,
shown in Fig. 1(b), it is required to have two diodes in parallel, to
see such a feature of the main peak with an associated side peak.
For evaluation of such a phenomenon, we simulated the circuit
seen in Fig. 5 in LTSpice.

The resulting IV curves of the aforementioned simulations are
shown in Fig. 6. As we already saw from Figs. 3(c) and 4, there is a
combined impact on the shape of the peak in the second derivative
of the IV curves from the interaction of Iy, n, and Rg, and we per-
formed multiple simulations where we modified these parameters
between two diodes. Thereby, we assumed the diodes to perform
worse than the other; hence, we inherently set the dark saturation
current of the second diode significantly lower than that of the
well-functioning diode. The results of these simulations can be seen
in Fig. 6. In (a) and (b), we varied the ratio of resistance associated
with the respective diodes. We assumed that the regions with a
well-functioning diode should generally show a low contact resis-
tance and should, therefore, have an inherently lower resistance
than the badly functioning diode, which shows a high dark satura-
tion current and, therefore, much leakages. From (a), one can see
that the parallel diode with a large dark saturation current results
in a reduction in the fill factor. This reduced fill factor is more pro-
nounced when the associated contact resistance of the diode is
better, i.e., lower, as this results in a larger current flow across the
defective diode. From the associated second derivative shown in
Fig. 6(b), one can see that the second diode indeed results in a sec-
ondary peak, which shifts toward lower voltages with an increased
contact resistance and additionally reduces in peak height, while
the main peak increases with a reduction in the secondary peak
height. In Figs. 6(c) and 6(d), the resistance ratio between the two

diodes is kept constant, but the dark saturation current of the sec-
ondary diode was increased. Again, this increase results in a clear
reduction of the fill factor and also the open-circuit voltage, once the
secondary diode’s dark saturation current has increased sufficiently
enough. With regard to the second derivative, see Fig. 6(d), a second-
ary peak can be seen and with an increase in the dark saturation
current of the defective diode, that secondary peak shifts toward lower
voltages, while the main peak is reduced in height.

The simulation results in Fig. 6 can successfully reproduce the
shape of the second derivative seen for the device shown in Fig. 1
with only methanol overcast during spinning, though they are
quantitively not sufficient. In principle, as a real device consists of
many diodes in parallel to each other, we created several increased
equivalent circuit models based on multiple parallel-connected
diodes with four, six, and up to nine diodes, and the equivalent cir-
cuits can be seen in the supplementary material. In Fig. 7, these
simulation results are shown for (a) all the parameters that we kept
the same between the diodes; also, the overall value of the series
resistance, which would be globally measured equal, to get a com-
parable result in terms of the overall shape of the IV curve. What
can be seen from the second derivative is that with an entirely
homogenous device in terms of diode parameters, there is basically
no difference between a single diode model and a model with mul-
tiple diodes. In (b), we additionally varied the different parameters
of the diodes and their associated contact resistance, while a varia-
tion of contact resistances within the parameter space we chose
does not seem to have an impact. In the variation space we used
for the diode ideality factor and the dark saturation current, a mul-
titude of peaks appears. As this did not represent the variation we
saw in any of the devices studied, we chose a smaller variation for
the dark saturation current, and instead of multiple peaks, we got a
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peak with a reduced height as well as an increased width. Though
this also does not fully quantitatively describe the second deriva-
tives we found for the devices in Fig. 1, we gained a thorough
understanding of how different parameters influence the second
derivative and how to interpret different shapes.

With the previous simulations and their results, we can now
return to the IV curves obtained experimentally (compare with
Fig. 1). As shown by the simulations, a dual peak is only possible
with two parallel diodes, where one of the diodes performs signifi-
cantly worse than the other. Such a worse performing diode would
be especially characterized by a significantly larger dark saturation
current. This increase in dark saturation current density could be
the result of several factors, like a high doping level, which would
lead to a Schottky-like contact at the interface between the organic
semiconductor and metal electrode. This likely stems from an inho-
mogeneous vertical phase separation as one possible effect. The
homogenization of performance for devices with a longer soaking

time of methanol on top of the active layer film suggests a process
driven by diffusion of the material in the active layer as one of the
causes for the improvement. However, it cannot be the sole reason;
else, the short contact during spin coating would not already show
an improvement. Therefore, on the one hand, we propose the for-
mation of a passivating layer due to adsorbed methanol, combined
with (at more extended times of methanol exposure) a more favor-
able vertical phase separation of the blend as the cause for improve-
ment seen from the methanol treatment. We summarized our
possible hypothesis why the methanol treatment results in an
improvement in Table I, together with an assessment of their prob-
ability. Further investigations are ongoing.

Another topic to be mentioned not fully reflected by the simu-
lations done in LTSpice is that all the IV curves of well-functioning
solar cells do not immediately fall back to zero in the second deriv-
ative when the series resistance starts dominating the device behav-
ior. Instead, they tend to stabilize toward a constant value larger
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than zero. A short discussion on the possible origin of this effect is
given in the supplementary material, as further investigations are
ongoing at the moment.

Finally, herein, we also want to show the newly presented
method applied to aged organic solar cells. In Fig. 8, the consecu-
tive IV curves of devices aged under ISOS-L1°"** conditions with a
white light LED at 45°C are shown. The devices consisted of a
layerstack  of ~ITO/PEDOT:PSS[PVP Al = 4083)/PCDTBT:
PC;;BM/Al As can be seen in Fig. 8(a), a very subtle S-shape in
the IV curve toward the end of the 24 h of aging has been devel-
oped, while the device shown in Fig. 8(c) does not show an S-shape
at the end of the 24 h. The respective second derivatives of the IV
curves, shown in Figs. 8(b) and 8(d), show some interesting devel-
opments; for (b), one can see that there are clearly two inflection
points from the second derivative for the devices showing an
S-shape, this dual inflection point develops at around 15 h. There is
also some difference in the fresh devices for (b) and (d); both show
a rather constant second derivative between 1.5 and 2 V. It should be
noted that a constant second derivative can, in principle, be associ-
ated with a space-charge-limited current (SCLC), whose develop-
ment over time displays a possible degradation route. In the case of
(b), from the beginning, there is already a very weakly “blocking”
contact with a valley in the second derivative. This valley further
grows in depth up until 15 h, where it crosses the abscissa, and there-
upon, keeps further moving toward negative values. A similar trend
is shown in (d), but the valley is not there from the start of the
experiment and also does not reach negative values. Therefore, the
IV curve also does not show an S-shape even for the longest times
shown here, but from the development of (b), the formation of an
S-shape is expected. Another interesting observation is that the peaks
in (b) and (d) show broad extensions toward voltages of 0 V. From
the simulations shown in Figs. 4 and 7, that very broad extension of
this peak can only be explained by a broad distribution of the values
of I and/or Rg of the devices. Upon aging, this distribution also
shifts toward lower voltages, showing an inhomogeneous degradation
of I and/or Rs. In Fig. 9, the development of a blocking contact that
takes up more and more of the solar cell area is shown; besides the
plateau toward larger biases, it is well able to reproduce the behavior
seen in the devices shown in Fig. 8. Note that the equivalent circuits
for this simulation are shown in Figs. S57-S61 in the supplementary
material. Though it can show the behavior we have seen in the aged
devices sufficiently well, we are not ruling out other mechanisms.

In Fig. 10, an additional sample of the aged organic solar cell
devices is depicted, which exhibits a conventional layer architecture
of glass/ITO/PEDOT:PSS/photoactive  layer/Mg/Al.  For the
fullerene-based device, there is already a weak blocking contact
visible in the second derivative for the fresh device, severe enough
to result in an S-shape in the IV curve. This blocking contact
becomes even more severe after 500 h of glovebox storage. As the
storage in the glovebox precludes effects like oxidation of the low
work function electrodes, the most likely culprit for the observed
effect is an unfavorable vertical phase separation of the donor and
acceptor, ie., the polymer is preferentially segregating toward the
Mg contact and vice versa. This effect becomes even more severe
under ISOS-L1 conditions, as the increased temperature is driving
forward the diffusion-driven process more quickly. In the ITIC
based device, there is also some blocking character visible in the

ARTICLE scitation.org/journalljap

second derivative, but it is not fully able to block the current in the
forward direction. This suggests a reduced driving force for vertical
phase separation of the donor and acceptor, in contrast to the com-
bination of the fullerene acceptor. Upon glovebox storage, the
blocking contact also got more pronounced without resulting in an
S-shape in the IV curve. Already during 500 h of ISOS-L1 aging, an
S-shape in the IV curve has been formed. Besides that, there is a
pronounced reduction in peak height in the second derivative
without a large shift in position. This suggests a combined increase
in diode ideality factor and series resistance with an additional
increase in dark saturation current. All mentioned effects would
result in a peak reduction, while an increase in diode ideality factor
and series resistance would move the peak toward lower voltages,
while an increase in diode ideality factor results in the peak moving
toward higher voltages compensating for the increase in the other
two metrics.

IV. CONCLUSION

Concluding, we have presented a new method to analyze the
defects in solar cells via the usage of already existing data from
measurements routinely performed as the most basic procedure for
any solar cell. This method allows for quick hypothesis generation
and can, therefore, assist researchers to focus their efforts on more
specific methods. Furthermore, it can be used in aging experiments
of the solar cells as an early warning proxy for significant changes
in the device to come, as it can detect subtle changes in the IV
curve with ease. The latter itself is the one measure that is probed
throughout the whole experiment—usually during aging experi-
ments—and, therefore, readily available for analysis. Therefore, a
steady analysis of the second derivative of IV characteristics allows
researchers to retrieve samples from an aging experiment at times,
where the most important knowledge can be gained on the changes
responsible for degradation. We further have presented that the
assumption of a simple Shockley equation with series and shunt
resistance cannot be enough to adequately describe the behavior of
organic solar cells as this is also the basis behind the operation of
SPICE and none of the simulated second derivative curves were
fully able to represent the measured curves, not even fully
qualitatively.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional IV curves, all
equivalent circuits including the parameters used, and an addi-
tional calculation regarding the possible origin of the plateau seen
at forward biases above 1V, in all measured IV curves.
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