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Abstract

A dramatic efficiency improvement of bulk heterojunction solar cells based on electron-donating
conjugated polymers in combination with soluble fullerene derivatives has been achieved over the
past years. Certified and reported power conversion efficiencies now reach over 9% for single junctions
and exceed the 10% benchmark for tandem solar cells. This trend brightens the vision of organic
photovoltaics becoming competitive with inorganic solar cells including the realization of low-cost and
large-area organic photovoltaics. For the best performing organic materials systems, the yield of
charge generation can be very efficient. However, a detailed understanding of the free charge carrier
generation mechanisms at the donor acceptor interface and the energy loss associated with it needs
to be established. Moreover, organic solar cells are limited by the competition between charge
extraction and free charge recombination, accounting for further efficiency losses. A conclusive picture
and the development of precise methodologies for investigating the fundamental processes in organic
solar cells are crucial for future material design, efficiency optimization, and the implementation of
organic solar cells into commercial products.

In order to advance the development of organic photovoltaics, my thesis focuses on the
comprehensive understanding of charge generation, recombination and extraction in organic bulk
heterojunction solar cells summarized in 6 chapters on the cumulative basis of 7 individual
publications.

The general motivation guiding this work was the realization of an efficient hybrid inorganic/organic
tandem solar cell with sub-cells made from amorphous hydrogenated silicon and organic bulk
heterojunctions. To realize this project aim, the focus was directed to the low band-gap copolymer
PCPDTBT and its derivatives, resulting in the examination of the charge carrier dynamics in
PCPDTBT:PC7BM blends in relation to by the blend morphology. The phase separation in this blend
can be controlled by the processing additive diiodooctane, enhancing domain purity and size. The
quantitative investigation of the free charge formation was realized by utilizing and improving the time
delayed collection field technique. Interestingly, a pronounced field dependence of the free carrier
generation for all blends is found, with the field dependence being stronger without the additive. Also,
the bimolecular recombination coefficient for both blends is rather high and increases with decreasing
internal field which we suggest to be caused by a negative field dependence of mobility. The additive
speeds up charge extraction which is rationalized by the threefold increase in mobility.

By fluorine attachment within the electron deficient subunit of PCPDTBT, a new polymer F-PCPDTBT is
designed. This new material is characterized by a stronger tendency to aggregate as compared to non-
fluorinated PCPDTBT. Our measurements show that for F-PCPDTBT:PCBM blends the charge carrier
generation becomes more efficient and the field-dependence of free charge carrier generation is
weakened. The stronger tendency to aggregate induced by the fluorination also leads to increased

polymer rich domains, accompanied in a threefold reduction in the non-geminate recombination
Il



Abstract

coefficient at conditions of open circuit. The size of the polymer domains is nicely correlated to the
field-dependence of charge generation and the Langevin reduction factor, which highlights the
importance of the domain size and domain purity for efficient charge carrier generation. In total,
fluorination of PCPDTBT causes the PCE to increase from 3.6 to 6.1% due to enhanced fill factor, short
circuit current and open circuit voltage. Further optimization of the blend ratio, active layer thickness,
and polymer molecular weight resulted in 6.6% efficiency for F-PCPDTBT:PC;0BM solar cells.
Interestingly, the double fluorinated version 2F-PCPDTBT exhibited poorer FF despite a further
reduction of geminate and non-geminate recombination losses. To further analyze this finding, a new
technique is developed that measures the effective extraction mobility under charge carrier densities
and electrical fields comparable to solar cell operation conditions. This method involves the bias
enhanced charge extraction technique. With the knowledge of the carrier density under different
electrical field and illumination conditions, a conclusive picture of the changes in charge carrier
dynamics leading to differences in the fill factor upon fluorination of PCPDTBT is attained. The more
efficient charge generation and reduced recombination with fluorination is counterbalanced by a
decreased extraction mobility. Thus, the highest fill factor of 60% and efficiency of 6.6% is reached for
F-PCPDTBT blends, while 2F-PCPDTBT blends have only moderate fill factors of 54% caused by the
lower effective extraction mobility, limiting the efficiency to 6.5%.

To understand the details of the charge generation mechanism and the related losses, we evaluated
the yield and field-dependence of free charge generation using time delayed collection field in
combination with sensitive measurements of the external quantum efficiency and absorption
coefficients for a variety of blends. Importantly, both the yield and field-dependence of free charge
generation is found to be unaffected by excitation energy, including direct charge transfer excitation
below the optical band gap. To access the non-detectable absorption at energies of the relaxed charge
transfer emission, the absorption was reconstructed from the CT emission, induced via the
recombination of thermalized charges in electroluminescence. For a variety of blends, the quantum
yield at energies of charge transfer emission was identical to excitations with energies well above the
optical band-gap. Thus, the generation proceeds via the split-up of the thermalized charge transfer
states in working solar cells. Further measurements were conducted on blends with fine-tuned energy
levels and similar blend morphologies by using different fullerene derivatives. A direct correlation
between the efficiency of free carrier generation and the energy difference of the relaxed charge
transfer state relative to the energy of the charge separated state is found. These findings open up
new guidelines for future material design as new high efficiency materials require a minimum energetic
offset between charge transfer and the charge separated state while keeping the HOMO level (and

LUMO level) difference between donor and acceptor as small as possible.
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1 Introduction

1.1 Energy Turnaround for Sustainability

The 20th century was characterized by intense industrial growth fueled by the extensive use of non-
renewable energy resources to meet the ever-increasing demand for energy caused by the remarkable
socioeconomic prosperity. Along with that, the CO; pollution of the earth’s atmosphere was steadily
increasing by the CO; output especially from industrial countries like China, USA and the European
Union.! The beginning of the 21st century marked a dramatic change in mankind’s thinking about non-
renewable resources for energy production. This was triggered by increased awareness of the effect
of CO, emissions on the climate which was shown to lead to enhanced greenhouse effects, elevated
temperatures and more frequent natural disasters.?2 The general public could feel that the stepwise
increasing average temperature on planet earth may impact the climate conditions resulting in unusual
and extreme weather conditions all over the world. The population started thinking "green" and taking
care of the CO; footprint. One of the key events further changing the thinking about energy production
was a Tsunami in 2011 in Japan that destroyed the nuclear power plant in Fukushima. After this
shocking event many people, especially in Germany, wanted to avoid nuclear plants as energy
production facilities. All of that triggered the request of increasing the fraction of renewable energy
resources in the total energy production. This strong change in humans thinking is named the “Energy
Turnaround”.

In 2013 still 55.7 % of the total electrical power in Germany was produced from coal and gas.® Only
23.9% of the total power was generated from renewable energy sources such as windpower (8.4%),
biomass (6.7%), photovoltaics (4.7%), and waterpower (3.2%).> The total energy consumption is
projected to increase at least up to the year 2040.* The only way to generate more power and lower
the CO, output at the same time is to expand energy production from renewable energy sources.

The prime renewable energy source in our solar system is the nearest star, the sun. It provides our
planet earth with 174-10% W of radiation power.> Part of that power is absorbed and reflected by the
atmosphere leaving 89-10"° W to be absorbed by the land and oceans. The energy of the sunlight
absorbed by the land and oceans in only 2 hours is more than the world’s energy consumption in one
year.® The energy reaching the surface of the earth in one year is twice as much as the energy available
from all non-renewable energy sources on our planet.” That inevitably raises the question: why isn’t
mankind making use of the sun as central energy source?

The answer is that at the moment no photovoltaic or photothermal device for direct solar energy
conversion can be fabricated, installed, and operated at a price low enough to generate the significant

amount of energy needed for continuous economic growth.®
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At the end, human’s existence in several hundreds or thousands years may depend on the ability to

make rational use of the energy provided by the sun to our planet every day for free.®

1.2 Organic Solar Cells as Cheap and Green Energy Sources

Solar cells convert energy provided by the sun directly into electrical power. The active material of
photovoltaic devices can be fabricated from inorganic semiconductor crystals such as silicon and
gallium arsenide with relatively high power conversion efficiencies (PCEs) of about 25.6% and 28.8%
for single junctions under non-concentrated light, respectively.>'° However, crystalline cells suffer
from the fact that production is cost intensive as the crystals need to be grown and cleaned carefully
at high temperatures. Nonetheless, mono or polycrystalline silicon modules dominate the solar cell
market with ca. 85% of the total cell technologies in 2012.1*

Other so called “thin film” technologies such as copper indium gallium selenide (CIGSe), cadmium-
telluride (CdTe), and micromorph silicon cells have lower efficiencies up to 21.0%, 21.0%, and 13.4%,
respectively.® Though, thin film photovoltaic devices benefit from partially lower production costs as
compared to highly crystalline cells, manufacturing of thin film photovoltaics still requires elevated

temperatures or vacuum-processing impeding cheap and uncomplicated device manufacturing.

Organic solar cells made from conjugated small molecules or polymers are highly attractive. PCEs for
organic solar cells have shown a tremendous increase over the past ten years and achieve up to 11.7%
efficiency with the potential of further optimization.'?'? Importantly, this technology can benefit from
solution processing. That offers reduced production costs by using low temperature printing
techniques together with the benefit of flexibility, light weight, less material consumption, and
semitransparent devices. Also, a remarkable number of organic semiconducting molecules are
available. With that, the electronic as well as the optical properties can be fine-tuned to meet special
requirements. In principle organic solar devices can be of any color or degree of transparency, making

them ideal for integrated facade elements in buildings.

The history of organic solar cells with efficiency enhancements from 1 to over 10% took three decades
and started in 1986 when Tang published the first organic solar cell combining electron donor (D) and
acceptor (A).} The cell was a bilayer with vacuum processed small molecules demonstrating a high fill
factor (FF) of 65%. This showed the great potential of organic photovoltaics (OPV) when D and A are
used together. Five years later, the first bulk heterojunction (BHJ) was presented that consisted of
mixed D and A small molecules which have been co-evaporated to form the active layer.’ With the
concept of a BHJ the majority of the photogenerated excitations can reach the interface before
recombining, thereby increasing the generated current. A further milestone in this history was the
work by Sariciftci et al. in 1992, proving electron transfer from a conjugated polymer (a derivative of
poly-phenylene-vinylene, PPV) to the Buckminster fullerene Cqo in blend layers.'® This work opened the

way to the first solution processed bulk heterojunction device published in 1994 by Yu et al., making
2
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use of the soluble PPV derivative MEH-PPV and Ceo.}” Only one year later the Ceo derivate phenyl-Ce;-
butyric acid methyl ester (PCeoBM) with significantly higher solubility was synthesized by Hummelen
et al.,® which was an improvement to Ceo in BHJ solar cells when using the common (at that time)
donor MEH-PPV.Y

Around the year 2000, the scientific and industrial community realized the potential of this technology
and with that, the intensity of research and the number of publications started to increase
significantly.?° By fine tuning of the phase separation between the soluble PPV derivative MDMO-PPV
and PCsoBM utilizing different solvents, a PCE of 2.5% could be realized in 2001.2! One year later the
donor material poly(3-hexylthiophene) (P3HT) was shown to achieve 70% external quantum efficiency
(EQE) with PCBM, which was correlated with an internal quantum efficiency (IQE) close to 100%.%
Another important development was the synthesis and implementation of PC;0BM into organic solar
cells. PC70BM benefits from enhanced absorptivity in the visible region as compared to PC¢,BM caused
by higher dipole transition moments in the asymmetric fullerene cage of C0.% In 2005 control over the
morphological evolution of P3HT:fullerene blends was achieved via high boiling point solvents, slow
growth solvent annealing in combination with thermal annealing, resulting in 4.4% efficiency.?*

The era beyond the 5% limit started with novel donor co-polymers containing electron rich (push) and
electron deficient (pulling) subunits. Early stage push-pull copolymers showed either relatively low

) or polycarbazoles (e.g.

HOMO values together with larger band-gaps like polyfluorenes (e.g. APFO-3
PCDTBT),?® or higher HOMOs and lower band-gaps like fused thiophenes (e.g. PCPDTBT or Si-
PCPDTBT).?"2 |n the former case, the open circuit voltage (Voc) is high and the short circuit current
(Isc) is low. The latter case is characterized by higher Jsc but limited Voc. Thus, efficiencies for PCDTBT
and Si-PCPDTBT were around 6.1 and 5.5%, respectively.?®2° The community further learned that it is
essential to reduce the optical band-gap while maintaining a deep HOMO to reach high Jsc and high
Voc in parallel. A roadmap was established based on the donor HOMO and band-gap values that
predicted efficiencies up to 10%.3! Further material development was conducted inspired by this
roadmap.
Another striking finding was attained by Peet and coworkers in 2007.32 They established the use of
processing additives as powerful tool to manipulate the blend morphology associated with enhanced
solar cell performance. A donor material class with unexpected high performance, showing both, the
combination of high Voc and high Jsc, are polymers based on benzodithiophenes. The polymer PTB1
was one of the first polymers from this class, which showed a PCE of 5.3% in 2008.3* Only one year
later, the chemical optimization of PTB1 by the incorporation of fluorine atoms demonstrated certified
efficiencies of 6.77%.3* Further fine tuning of the side chains created the polymer PTB7, which achieved
7.4% efficiency in 2010.3° Due to intensive interface engineering and device optimization, PTB7:PC;0BM
solar cells reached a certified PCE of 9.2% in 2012, which is among the best reported organic BHJ single
junctions so far.3®
Another strategy in the efficiency roadmap was to alter the lowest unoccupied molecular orbital
(LUMO) of the fullerene to reach high Voc values. The PCBM derivative indene-Cg bisadduct (ICsBA)
3
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with significantly higher LUMO values as compared to the standard acceptor PCBM was reported in
2010. P3HT:ICsBA showed 6.5% efficiency®” and P3HT:IC;0BA yields the highest efficiency for P3HT
based solar cells of 7.4%,%® however higher adduct fullerenes seem to achieve higher performance only
with the homopolymer P3HT, being subject of ongoing research.®

In parallel to the materials development, fully solution processed organic tandem solar cells were
intensively studied. The first solution processed multijunction was realized in 2007 by Gilot et al. with
less than 3% efficiency.”> Some months later, Kim and coworkers showed 6.5% efficient solution
processed tandems due to the availability of materials with complementary absorption.** Tandem
solar cell efficiencies further improved by implementing modified recombination contacts and new
material combinations.*? In 2013 Yang and coworkers achieved a certiefied PCE of 10.6% with inverted
tandem cells by the development of a very promising low band-gap material*® further improving in

2014 to 11.55% in a triple junction.?

1.3 Introduction into the Presented Work

As summarized in chapter 1.2, rapid success was made in the last decade regarding efficiency
optimization. Despite these achievements which were mostly realized by the introduction of new
polymers in a trial and error process, there is still a lack of knowledge about the fundamental working
principles in organic BHJ solar cells. Therefore strong research effort is underway at the moment to
improve the understanding of this fascinating type of solar cell. A deeper understanding of the
fundamental working principles may lead to enhanced efficiencies. With the extended knowledge and
implementation of the many advantages of organic materials into low cost production, installation,
and maintenance,* the portion of energy produced by OPV is likely to expand in the near future,

helping to fulfil a wise Energy Turnaround.

The general intention of this work is grounded in that motivation: my work should help to improve the
fundamental understanding of free charge generation, recombination and extraction in organic BHJ
solar cells with regard to electrical field, the energetic levels and the morphological landscape of the
donor-acceptor blend. These three processes are investigated in detail in my thesis and further
discussed in the next sections as well as in the summarized papers.

The scientific motivation for the cumulative publications is based on the realization of a high efficiency
hybrid tandem solar cell with amorphous hydrogenated silicon (a-Si:H) and organic BHJ sub-cells. This
investigation was supported by the project “Kompetenzzentrum Diinnschicht- und Nanotechnologie
flir Photovoltaik Berlin” (PVcomB) which comprises a sub-project focusing on the realization of a highly
efficient hybrid tandem solar cell.

Compared to the variety of optical properties in organic semiconducting compounds, the absorption
properties of a-Si:H are fairly fixed with decreasing absorption to longer wavelength throughout the
visible range as shown in Figure 1.1a. Thus, to allow high efficiency in the tandem cell, complementary

absorption of the organic material with regard to the a-Si:H needed to be considered. That made the
4
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implementation of low band-gap materials necessary. When starting with the project in year 2010, the
low band-gap copolymer PCPDTBT and Si-PCPDTBT were the most common materials with suitable

near infrared absorption properties.
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Figure 1.1 (a) The extinction coefficient k (left scale) together with the spectral photon flux density
of the AM 1.5G spectrum (right scale). This comparison displays the sharp absorption onsets of
the organic materials especially in the range above k=0.01. (b) Inverted device structure with the
electron selective contact made from metal oxides such as TiOy, ZnO or polyelectrolytes (PE) and
the hole selective MoOs/Ag contact as the high work-function anode. (c) Normal device structure
with PEDOT:PSS covered ITO and low work-function metal cathodes.

One of the key advantages of organic materials for multijunction cells, compared to inorganic
semiconductors, is the overall high absorptivity and the sharp absorption onset as can be seen in Figure
1.1a. Thus, very thin organic films of approximately 100 nm thickness can be utilized to absorb a broad
range of wavelengths in single junction configuration. In the organic tandem cell configuration with
only two sub-cells, the wide band-gap organic front cell thickness should be in the range of 200-300
nm for optimum light absorption.** Additionally it needs to have a high FF and Voc at this optically
optimized thick layer. Unfortunately, most efficient organic materials suffer from significant extraction
losses if the active layer exceeds 100 nm.*>%® This results in lower FFs when used as tandem front cell.’
The inorganic (a-Si:H) has a band-gap of ca. 1.7 eV and achieves a Voc of around 0.9 V together with
IQEs of 100% (in the intrinsic-layer) and FFs above 70%, also for the thickness range of 100-250 nm.
The hybrid tandem cell configuration, made from an a-Si:H front cell combined with an organic top
cell, therefore, has the ability of connecting the advantages of both the inorganic a-Si:H front cell with
high FFs over a wide thickness range and the high absorptivity organic back cell in one device.

Chapter 4 summarizes the layout and the realization of efficient hybrid tandem solar cells. One
important step was the optimization of the recombination contact connecting the a-Si:H front-cell with
the organic back-cell in series. After substantial device engineering, a cell with 7.5% efficiency was
realized. For the organic sub-cell Si-PCPDTBT:PC;0BM was used which demonstrated a high
reproducibility. On the bases of optical end electrical simulations, efficiency predictions as function of
optical band-gap of the donor are presented together with proof-of-principle studies for increasing the

Jsc further by light trapping with texturized front contacts.
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When optimizing PCPDTBT:PCBM single junctions for the use in tandem cell configurations, we realized
that so called inverted devices (see Figure 1.1b) gave higher photocurrents while also showing a better
stability against cell degradation. In chapter 5 we present that the inverted structure benefits from
optimized light management with 10% more absorption in the active layer at identical layer thickness.
Studies on the solar cell performance as function of active layer thickness identify that the charge

extraction is hampered especially in the inverted device caused by unfavorable phase segregation.

PCPDTBT

Figure 1.2 Schematic drawing of the polymer:fullerene phase separation influenced by a
processing additive (e.g. diiodooctane, DIO) for PCPDTBT:PCBM blends w/o (a) or with (b) DIO.
Reprinted with permission from Lee et al.*® Copyright 2008, American Chemical Society.

A scheme showing how the additive affects the blend morphology is depicted in Figure 1.2. According
to Lee et al.,*® the additive should have the following two properties to effectively tune the nano-scale
phase separation: First it should selectively dissolve the PCBM and second it needs to have a higher
boiling point than the host solvent.*® With that, the DIO enables the crystallization of PCPDTBT while
fullerene aggregates can form slowly due to the delayed drying of PCBM as shown in Figure 1.2. The
reason of the significantly improved device performance due to the altered phase separation and
domain purity has been a source of controversy in the literature. When the DIO is added, both the FF
and the Jsc increase dramatically. However, no clear correlation between the morphological changes
and the charge generation, recombination, or extraction can be drawn from the variety of published
papers considering that topic.**>” Table 1.1 highlights some important findings regarding the relevant
physical processes and how the mechanisms change when additives were used.

In chapter 6 we present a conclusive view of the change in charge generation, recombination, and
mobility when utilizing DIO as solvent additive. We use energy filtered TEM to resolve the distinct
changes in morphology e.g. domain size and purity when DIO is utilized. Discrimination between free
charge generation and recombination was possible with the technique of time delayed collection field,
optimized for improved time resolution. With this methodology, we experimentally showed for the
first time that PCPDTBT:PC;,0BM blends processed with and without additive are limited in device
performance by a pronounced field dependence of free charge generation. Together with mobility
measurements from charge extraction by linearly increasing voltage, a qualitative description of the
changes in carrier dynamics with DIO and the overall efficiency limitations for both samples is possible.

Table 1.1 Literature overview of findings and their explanations of charge carrier dynamics in
PCPDTBT:PCBM blends with and without the use of processing additives.
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1st author method finding / explanation
charge generation
Lenes*® JV curve modeling field-induced PP? split up
Moet>® JV curve modeling field-induced PP split up, additive increases PP lifetime from 0.5 to 3 us
Jarzab®! CT® emission field-induced PP split up
Jamison®? TAS© field independent charge generation, with DIO more free charges formed

recombination

Agostinelli®®  TPVe BMRY coefficient six times higher with additive
extraction

Cho®” FETf four-fold increase in both hole and electron mobility

Moet>® JV curve unaffected electron mobility with and w/o additive

Agostinelli®®  ToFs hole mobility not significantly altered by additive

app= polaron pair, ® CT= charge transfer, ¢ TAS= transient absorption spectroscopy, ¢ BMR= bimolecular recombination,
e TPV= transient photovoltage, f FET= field-effect transistor, & ToF= time of flight.

Not only processing additives, also the chemical modification of the polymer is an effective tool to tune
the domain size and purity in the blend. For example, when the bridging atom in PCPDTBT is replaced
from carbon to the larger bond spaced silicon, the phase separation significantly alters, alleviating the

need for DIO as processing to achieve optimum performance.*®
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Figure 1.3 Impact of fluorination of the polymer backbone on the optical and device properties
for PBNDT-XTAZ polymers blended with PCBM. Data for the non-fluorinated polymer is shown in
blue and the fluorinated in red. (a) Current voltage characteristics with performance data. (b)
Absorption and EQE spectra. Reprinted with permission from Price et al.”® Copyright 2011,
American Chemical Society.

Attaching fluorine atoms into the polymer backbone was shown to effectively change the solar cell
device performance as well. To some extent, fluorination increases the domain purity and phase
separation.>® Comparing analog polymers with fluorinated or non-fluorinated backbones, it is generally
found that the introduction of fluorine lowers the HOMO level thereby increasing the Voc and
enhancing the FF, as shown in Figure 1.3 for the polymer PBnDT-HTAZ and PBnDT-FTAZ.>® From the
general findings in literature it was not conclusively clear why the fluorine attachment enhances the
FF, as for some polymers the hole mobility decreased with fluorination.®® Inspired by the encouraging
findings for the PBnDT-FTAZ and PTB7 polymers, and by the idea of carefully analyzing the effect of
fluorination on charge carrier dynamics, we adopted this strategy to further enhance the performance
of PCPDTBT blends by attaching fluorine atoms to the BT unit of PCPDTBT. Chapter 7 summarizes the

findings realized with fluorinated PCPDTBT. The changes in energy levels, morphology, the enhanced
7
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charge generation and reduced recombination resulted in improved efficiencies of 6.6%. Strong
correlations between the blend morphology and the efficiency of charge generation as well as the non-

geminate recombination were found.

Chapter 8 complements chapter 7 as it introduces a unique methodology for measuring the effective
extraction mobility in solar cells under small fields comparable to the operational range and charge
densities close to one sun illumination conditions. This new methodology makes use of the steady
state charge carrier density measured with bias enhanced charge extraction as function of applied bias
and illumination intensity. From that, the gradient of the quasi-Fermi level can be estimated which
alternatively allows to determine the effective extraction mobility. In combination with charge
generation and recombination results gained from time delayed collection field, these results explain
how the enhanced generation and reduced recombination is counterbalanced by the lower mobility

for mono and di-fluorinated PCPDTBT.

It is quite interesting that the efficiency of charge generation is enhanced when fluorinating PCPDTBT,
although the energetic offset between the LUMO levels of the donor and PCBM, which is often
considered as driving force for charge separation,®®? decreases with fluorination. The detailed
mechanism of the charge generation pathway, including the intermediate excitations involved in
charge generation is another source of controversy in the literature. Results from ultra-short pump
probe experiments suggests that the charge generation is mediated by vibronically and or
electronically excited “hot” charge transfer (CT) states as shown in Figure 1.4a.%>%* With that, higher
energy excitations should lead to more efficient charge separation as displayed by the enhanced IQE
for higher excitation energies in Figure 1.4b (this reported IQE is, however, critically discussed in the
literature).®>%® As the timescale on which signals assigned to free charges appear is faster or
comparable to the time of thermalization,®” it is concluded that excitations separate before
thermalizing in the CT manifold. In this context it is thought that only hot generation pathways allow
IQEs close to 1, because hot CT states are highly delocalized, helping to reduce the Coulomb binding

between the photogenerated hole and electron.®®
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Figure 1.4 (a) Energy scheme for PCPDTBT:PC7BM blends describing excitations into different
electronically excited singlet states Sx with timescales of charge transfer and free charge
formation. (b) IQE as function of excitation energy for PCPDTBT:PC70BM blends. Reprinted with
permission from Grancini et al.®® Copyright 2012, Rights Managed by Nature Publishing Group. (c)
and (d): absorption (right scale) and EQE (left scale) together with the modeled EQE assuming a
constant IQE for (c) MDMO-PPV:PCBM and (d) P3HT:PCBM. Reprinted with permission from. Lee
et al.%° Copyright 2010, American Chemical Society.

In contrast, some groups reported the IQE to be rather independent of the excitation energy, even for
photon energies below the optical band-gap of the pure donor or acceptor.®*’° As shown in Figure 1.4c
and d, the measured EQE is in perfect agreement to the EQE modeled on the basis of sensitively
measured optical constants and an energy independent IQE. This result implies that excitations
thermalize to the CT ground state before charges are separated. In chapter 9 we show by careful
measurements of the excitation dependence of the charge generation efficiency that in a working solar
cell, charge separation starts from relaxed CT ground states rather than from excited states. By the use
of different fullerene derivatives with higher LUMO levels (i.e. ICBA), the energetic offset between
donor and acceptor is varied. Also the excitation energy is lowered to direct CT state excitation in these
blends. From the comprehensive results, detailed knowledge about the states involved in free charge

formation and the energy difference dictating the efficiency of charge generation is found.
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2.1 Efficiency Limitations
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Figure 2.1 (a) AM 1.5G spectrum as a function of wavelength together with (b) the maximum
attainable efficiency according to the radiative Shockley Queisser (SQ) limit as function of the
number of junctions for non-concentrated sunlight. The colored areas highlight the absorption
range in (a) and the efficiency (b) for each sub-cell in the multi-junction. Reprinted with
permission from Greatzel et al.”* Copyright 2012, Rights Managed by Nature Publishing Group. (c)
JV characteristics for radiative SQ limit and the ultimate efficiency (Ult).

The maximum attainable efficiency for a single junction solar cell assuming that all photons in the
incident spectra of AM1.5G illumination above the band-gap E,; are absorbed and generate collected
charges is around 46.8% for E; =1.34 eV (~925 nm), which is known as the ultimate efficiency.”? It is
striking that more than half of the energy provided by the sun is not converted to electrical power at
this optimized E.This is due to two facts: first, photons with energy less than E; cannot be absorbed
contributing to ca. 30% loss at this band-gap. This is indicated by the resulting cover between the sun
spectra and the absorbed photons contributing to this efficiency as shown in Figure 2.1a. Second, ca.
23% is lost in a single junction by thermalization of excitations with higher photon energies than E;.”?
Thermalization is the thermal loss resulting from fast relaxation of charges (or excitons) down to
electronically and vibronically relaxed states with energy E;. An ideal solar cell would have a Voc
identical to E; /e and a FF of 1, both being non-achievable under realistic conditions (see Figure 2.1b).
Shockley and Queisser (SQ) developed a theory of the maximum attainable efficiency called the SQ
limit.”?> They assumed the absorption to be zero below and 1 above E;. Furthermore, detailed balance

is applied which means that in thermal equilibrium (the solar cell has the same temperature as the
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radiation field) the number of photons emitted due to radiative recombination equals the number of

photons that are absorbed and produce charges:
J=0=]rec _]gen (2.1)

Thus the generative current /4., from absorption and charge creation equals the recombinative
current J,... from charges converted into radiative recombination. The solar cell is assumed to emit
black body radiation ®z5(E) at its temperature of 300K according to Planck’s law with ®z5(E) =
2mE? /h3c? - (exp(E/kT) — 1)71. In this equation @ (E) is the photon flux emitted per surface unit
at temperature T, h is the Planck constant and ¢ the speed of light. Thus the recombinative current

with e being the elementary charge is:
Jrec =Jo = € [ 2mE?[h3c? - (e®/KD —1)"N(E)E = e [;° 2mE?/h3c? - eCFD)(E)AE.  (2.2)

Jo is known as the reverse saturation current and for E >> kT the Fermi-Dirac statistics is well described
by the Boltzmann term in equation 2.2.

When applying a bias to the cell, the non-equlibrium radiation emitted by the semiconductor can be
described by the generalized Planck’s law introduced by Wiirfel using again Boltzmann approximation

forE —eV > kT:

O*(V,E) = 2mE? /h3c? - (eE~eV/KT) —1)=1 = 21E? [h3c? - e TE/KT) . (eV/KT) (2.3)
With that, the current due to recombination under applied bias in dark is:

rec(V) = € [ ©*(V, E)dE = eV/kT) . ], (24)

Accounting for the generative current due to absorption of black body radiation ]y, = Jo, the total

extractable current in dark follows the ideal diode equation:’*

Jaar @) = Jree®) = Jo = (€ = 1)y, 2.4

Under illumination the photon flux of the sun ®,,,,(E) is absorbed by the solar cell to generate an

additional current:
Jsun =Jsc = ef f;; (DSun(E)dE- (2.5)

Here, f is a geometrical factor which accounts for the fraction of solar radiation reaching the surface
of the earth and for ®g,,,,(E) either the AM 1.5G spectra or black body radiation with T~5800 K is
used.”?

Finally, the JV characteristic under illumination in the radiative SQ limit follows from adding the light-
generated current to the dark characteristics:

eV

JV) =e (e% - 1) fbj'z ZnEZ/h%ZeZ—de —ef fbj'z Oy (E)dE = (ek_T - 1)]0 —Jse (2.6)

11
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From this JV characteristic the maximum attainable efficiency can be estimated to be 33.6% as shown
in Figure 2.1b. Setting the current to zero in equation 2.6, the Voc is the voltage at which J,... equals
Jsc (see Figure 2.1b) and can be written as:

Voo ="l (’]—0 +1). (2.7)

Thus, the Voc depends on temperature and the ratio between J, and J¢.. In the radiative SQ limit at
1.34 eV band-gap, the Vocis ca. 0.26 V lower as compared to E; /e and the FFis ca. 89%. The maximum
power point is at 0.99 V and at this point, 1% of the available power is lost by current reduction
whereas 12% are lost by voltage reduction due to entropic’ effects (see chapter 2.5).

Increasing the number of junctions in the device improves the SQ limit due to several facts: first, by
extended sunlight absorption, second, by reduced thermalization losses, and finally, by reabsorption
of emitted black body radiation from other sub-cells. With that, the radiative SQ limit increases to 42%,
49%, and 52% for 2,3, and 4 junction devices, respectively as shown in Figure 2.1b (assuming the sun
to emit black body radiation flux at 6000K).”® For an infinite number of junctions with a smoothly
varying series of band-gaps, the efficiency increases to 68% for non-concentrated and up to 87% for
the highest concentration physically possible, when the solid angle is 21, which corresponds to 45900
times concentrated sunlight.”®

Shockley and Queisser’s original model is valid for a two band system only. When adopting this model
to organic solar cells, some modifications with regard to the electronic structure of the organic BHJ are
necessary.”””’® The model needs to be extended by the CT state energy and its absorption strength
relative to the band-gap absorption. Then, absorption can take place at Er and E; while emission
occurs mostly around E.-r. Therefore, an important parameter is the energetic difference between
Ep = Eqr — E;. With a realistic absorption ratio of 107 for CT state versus above band-gap absorption
(see chapter 9), the maximum attainable efficiency is 29 and 26% for Ep= 0.3 and 0.5 eV, respectively
at Eg~1.4eV.”

Other efficiency limit estimates are more empirical, such as the model derived by Scharber et al. in

2006.3! A constant EQE of 65% above the donor E; and a FF of 65% is assumed together with the Voc

defined as eV, + 0.3V = EPSL% — Ef;;,eopwr. Based on the measured energy levels of the PCBM
acceptor which is assumed to be non-absorbing, efficiencies as function of the donor HOMO and LUMO
levels (and with that of the band-gap) are predicted. The maximum attainable efficiency from this
model is 11% at a band-gap of 1.3-1.4 eV and a LUMO level of 4.0eV.3! Later, Dennler and coworkers
extended this model in 2008 for tandem devices with predicted efficiencies of 15% for 1.65 and 1.3 eV
band-gap of the donors in the front and rear-cell, respectively.” By adjusting the EQE to 80% and the
FF of the tandem cell to 75%, which are realistic assumptions for the highest performing champion
cells, the efficiency predicted by Dennler increases to 21%, as shown recently by Li et al.®°

The champion cells presented at the moment achieve efficiencies very close to the empirical Scharber
model. Further increasing the permittivity of the active materials, as proposed by a model from Koster

et al.,8* would theoretically realize efficiencies in excess of 20%. In Koster’s model, the PCE is calculated
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based on drift-diffusion simulations for 250 nm thick PTB7:PC;,BM devices assuming that all photons
above the band-gap are absorbed and converted to free charges with an IQE of 90%. The dielectric
constant &, is correlated with the exciton binding energy. From this binding energy, the minimal
energetic offset between the LUMOs of D and A needed for efficient charge separation is modeled.
Increasing &, enhances the Voc due to the optimized positions of the energy levels. Also, it reduces
losses due to non-geminate recombination resulting in efficiencies above 20% for a three-fold increase
of &, from 3 to 9 in this model. Some attempts have been made to correlate the permittivity to the
efficiency of charge generation.?%%3 Recent results showed promising improvements of FF and Voc in
polymer/ Ceo bilayers when the polymer side-chain was tuned to increase &, from 3 to 5.8

The assumption that all incident photons are absorbed above E; within the active layer as assumed in
the SQ limit and Kosters model is difficult to realize. Reflection, interference and parasitic absorption
within the device structure cause the absorption in the thin organic active layer to vary periodically
with the thickness. Efficient absorption is mostly realized in the 2nd absorption maximum, which is at
an active layer thickness of 200-250 nm for many polymer:fullerene blends.® Unfortunately, most high
efficiency BHJ cells show significant reduced FFs when increasing the active layer thickness due to
inefficient charge-transport and collection.*® Optimized devices, therefore, comprise thicknesses
around the 1% absorption maximum, at 100 nm or even below,3%*® though increasing the layer
thicknesses to the 2" absorption maximum would allow for a more complete absorption (see chapter
5). Therefore, alternative ways to increase the absorption at thicknesses around 100 nm are highly
relevant in order to improve the PCE.

A possible way to enhance the absorption in the active layer without increasing its thickness is to adopt
light trapping schemes. Light trapping due to textured front conductive oxide (TCO) surfaces® is widely
applied to inorganic solar cells such as a-Si:H and is discussed in chapter 4. Other photon management
schemes applied to organic solar cells are optical cavities,®” antireflective coatings,®® nanostructured

889 and plasmon resonances from nanoparticles.®® Nanostructured back contacts are

back contacts,
usually fabricated by imprinting techniques resulting in textured active layer surfaces before
deposition of the metallic back contact with significant reflection out of the normal incidence.®
Plasmon resonances and with that absorption enhancements in the active layer at resonance
wavelengths, can be realized via metallic nanoparticles in the e.g. PEDOT:PSS layer.’® However, up to
now, the highest efficiencies have been achieved with smart light management in which the device

contact layers are optically optimized to achieve efficient absorption in the active layer.>!

2.2 Low Band-Gap Donor Acceptor Copolymers

The energetic band-gap and with that the absorption onset of conjugated polymers with alternating
single and double bond character is influenced by several factors as summarized in Figure 2.2a
exemplarily for poly(3-alkylthiophene).> The energy of the band-gap E; is a sum of several

contributions:*3
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E; = Eg+E,e + Ear + Es + Ejpy (2.8)

Here, Eg, E;e, Ear, Eg, Eine are the contributions from backbone planarity, bond length alternation,
resonance energy, different substitutions, and interchain coupling, respectively. First, the optical band-
gap can be lowered with a larger conjugation length along the backbone. This can be achieved by a
higher degree of backbone planarization reducing Eg, which can be realized by the suppression of
rotational freedom or eliminated steric hindrance between repeating units. Also, forcing planarity of
two adjacent units by covalent bonding or intramolecular interactions can reduce Eg.**°* Second, the
resonance energy E.. of the system can impact the energy gap. A lower aromatic and a higher quinoid
character of the mesomeric conjugated system lowers the band-gap by the loss in stabilization energy
of the more instable quinoid form.?* The transition from an aromatic to quinoid structure is correlated
to the bond length alternation (described by E,.). The higher the quinoid contribution, the more
double bond character is found between adjacent units, decreasing Ex..°* In addition, the choice of
different substituents (described by E) with electron-donating or electron withdrawing groups can
alter the band-gap. For example, the alkyl side-chain in polythiophene induces a 0.2 eV reduction in
band-gap.®? Finally, the side-chains and its regioregularity also influence the aggregate formation in
films and thereby the interchain coupling Ej;,;. For example, regioregular P3HT exhibits a polymer
backbone conformation with a reduced contribution from E;;,; due to the formation of extended
aggregates in the film. Also, thermal annealing of regioregular P3HT in blends with PCBM further
lowers E;,; caused by enhanced polymer aggregation.?® In regioirregular P3HT, the aggregation is

supressed due to the steric hindrance induced by the regioirregularity.®
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Figure 2.2 (a) Schematic representation of parameters defining the optical band-gap of poly(3-
alkylthiophene). Eg, Ere, Ear, Es, and Ej,; are the energies that contribute to the band-gap by
planarity, resonance, bond length alternation, chemical substitution and interchain coupling,
respectively. (b) Energy scheme displaying orbital interactions of donor (D) and acceptor (A)
leading to a small band-gap E; with low energy transitions (red arrow) resulting from strong DA
interaction. Also, higher energy m-mn* transitions (blue arrow) centered at either the D or the A
are indicated. Figure (a) is adopted from Roncali®? and (b) from Meijer et al.*®

Ny

Another strategy for tailoring the band-gap is that of the donor-acceptor (DA) approach introduced in
1992 by Wynberg and co-workers to conjugated polymers.®” Originally motivated by the idea of

designing very low band-gap polymers with metallic properties,” this strategy has become a widely
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used method for preparing conjugated polymers with narrow band-gaps.3*°®° The approach involves
the synthesis of co-polymers comprising alternating electron-rich (donor, electron pushing) and
electron-deficient (acceptor, electron pulling) repeat units. The hybridization of high-lying donor
HOMO levels and low-lying acceptor LUMO levels results in an overall narrow band-gap of the
copolymer as shown in Figure 2.2b.1° Here the LUMO of the DA copolymer largely resides on the
acceptor moiety and the HOMO on the donor building block.1°* The band-gap can be tuned via the
electron donating and excepting strength of the D and A group, respectively. The DA polymers typically
show two distinct optical absorption features leading to broad absorption characteristics.%®*%? The
higher energy transition arises from n-m* transitions centered at either the donor or the acceptor
unit.1°® The low energy transitions completely absent in the absorption of the D or A building blocks
arise from intermolecular charge transfer (ICT) transitions.0%104

All the effects summarized in Figure 2.2a and b can be incorporated synergistically into the strategy of
push-pull copolymers. By example, conjugated spacer units (mostly thiophene) are introduced in
between the D and A to reduce steric interactions and enhance planarity to reduce E;.*® Also, DA
copolymers with stronger quinoidal character of the subunits as for thienothiophene in PTB1 are
introduced to lower the band-gap.1® Energy-level fine-tuning by attachment of electron withdrawing
fluorine atoms onto the acceptor subunit is realized for PTB7.1% Further fine tuning of this DA
copolymer was realized by side chain modification: replacing the 2-ethylhexyloxy group flanked on the
BDT unit in PTB7 by 2-ethylhexyl-thienyl in the side chain creates the polymer PTB7-th with extended
pi-conjugation and planarity and with that reduced optical band-gap.° This polymer recently achieved
9.6% in an inverted device architecture and is expected to break the 10% efficiency limit soon.%’
Further manipulation of the side chain of the BDT-unit in PTB7-th can be made by incorporation of 2-
ethylhexyl-thio-thiophenyl which was shown to further decrease the optical band-gap slightly while
increasing the Voc in parallel, showing 8.4% PCE without the use of processing additives.’®® This
material development by chemical engineering, especially the band-gap tuning, highlights the great

potential for OPV against other photovoltaic systems.

2.3 From Incident Photons to Extracted Charges

The underlying mechanisms (I-1V) of charge generation, recombination and extraction are shown in
Figure 2.3. These steps are briefly introduced with the help of the Figure, followed by a detailed
discussion about the state-of-the-art knowledge of the underlying processes.

The absorption of a photon creates an excited state (exciton) in the organic material |. Due to the low
permittivity, and substantial electron-electron as well as electron-vibration interactions,'® the
electron in the LUMO and the remaining hole in the HOMO are strongly bound together with binding
energies of several hundred meV.!° To overcome this binding energy the concept of an organic
heterojunction was invented. By combining D and A materials with suitable energy offsets between
the HOMOs and LUMOs, a charge can be transferred across the heterojunction to generate a charge

transfer (CT) state after the exciton reaches the D-A interface by diffusion. The exciton diffusion is
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limited to approximately 10 nm. Thus, the concept of mixing the D and A in a BHJ with phases separated
on the length scale of 10-30 nm was shown to be highly efficient with IQEs approaching unity.? This
concept makes sure that the exciton can diffuse to the interface within its lifetime followed by efficient

free charge generation at the interface.

Figure 2.3 Schematic bulk heterojunction solar cell with exciton generation |, the exciton diffusion
to the DA interface Il with subsequent charge transfer, the geminate recombination Illa or the
separation of the initially bound polaron pair Illb, non-geminate recombination IV, or trapping
V of charges, and extraction to the electrodes VI. The timeline inset indicates the timescale of
the shown events. The energy level inset indicates the energetic offset between LUMOs (dashed)
and HOMOs (solid) of D and A as well as the energetic positions of suitable electrodes.

After CT state creation Il from an electron transferred to the acceptor (or a hole transferred to the
donor), there are two options: First, the recombination of geminate electrons and holes before they
have escaped their initial Coulombic attraction. This charge loss is called geminate recombination llla.
Second, the charges split up into free charges lllb. Once the charges are free, they need to be extracted
by the electrodes V¢ to contribute to the efficiency of the cell.

Charge extraction to the electrodes is a very critical process as charge transport in the disordered
organic materials with amorphous or semi-crystalline multi-phase nanostructures is governed by
hopping through rather localized states. The Miller-Abraham hopping probability is a function of
localization length and a Boltzmann factor for jumps upwards in energy. The Miller-Abraham
approximation was used by Bassler and co-workers to arrive at the following expression for the

mobility in the Gaussian disordered medium as a function of electrical field F and temperature T:!
1(F,T) = poexp(—2/36% + C[62 — 2]VF). (2.8)

Here uy the zero field, zero temperature mobility, C an empirical constant, and o and X are the
energetic and positional disorder parameters, respectively with ¢ = g/kT. Thus, the mobility is
temperature activated and follows the Poole-Frenkel type field-dependence logu «+/F. From
equation 2.8, it follows that for high positional disorder X, the mobility can decrease with electrical

field.'*! The overall charge carrier mobility is rather low in organic BHJ solar cells with p,, u, <103
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cm?/Vs and strongly depends on the packing within the domains and the overall blend morphology
(see chapter 5).

Due to the nanostructure of the BHJ, one type of charge can possibly come into contact with its non-
geminate counter charge on the extraction pathway. This pair can possibly form a CT state again and
recombine radiatively or non-radiatively. This carrier loss is called non-geminate recombination (NGR)
IV, when the free charges have been formed via different absorption events. Due to the energetic and
spatial disorder, free charges can be trapped in tail states V with low detrapping rates. A trap is defined
as the Miller-Abraham hopping probability being much lower out of the trap as compared to the
average hopping probability. When trapped charges recombine with a free non-geminate counter
charge, the process is specified as trap-assisted recombination (further recombination specifications
will follow in the next paragraph). As the overall charge carrier mobility is low in organic BHJ, the
competition between charge extraction to the electrodes VI and non-geminate recombination has a
significant influence on the FF of the solar cell.

Each process described in Figure 2.3 is determined by a specific timescale after the initial excitation.
Free charge formation can be very fast on the sub-ps timescale when excitons are generated close to,
or directly at the DA interface'!? and will not take longer than 1 ns with exciton diffusion to the
interface.’'®!% |n contrast, non-geminate recombination and extraction occurs on the 50 ns to s

timescale as shown in chapters 6 and 7.

2.4 Charge Generation

It is currently believed that charge generation occurs via the formation of CT states and its split up into
free charges. The CT state is a state which is coupled to the ground state via radiative transitions. The
existence of this state, only present when D and A are in close contact, is widely accepted due to the
presence of new sub band-gap absorption and emission features® and the appearance in electron spin
resonance measurements.®

Figure 2.4a displays the energetic states that are involved in the charge generation processes. After
excitation of the donor (D*) from the ground state (GS), a charge can be transferred followed by
relaxation (krelax) into the relaxed CT state (CT,). The excitation can then either separate into the charge
separated (CS) state with rate kes or recombine geminately to GS with the rate k¢. As the CT state
manifold is coupled to the GS via optical transitions, free charges can be generated by direct CT state
excitation (Gcr). Also indicated is donor excitation followed by immediate free charge formation via
vibronically/electronically excited “hot” states denoted with the rate k¥*cs.

Whether hot CT states mediate the charge generation through a more delocalized character of the
involved states as discussed in the introduction has been a subject of particular interest in the
literature. The more delocalized nature of hot states was shown via quantum mechanical
modeling.%®!1> Hot excitations as mechanism for more efficient generation was proposed on the basis

63,64,67,68

of transient absorption (TAS) and terahertz spectroscopy results, and energy dependent

EQEs.%*%8 Results from the transient measurements suggested the appearance of a free polaron signal
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on very fast timescales on the order of 10-100 fs depending on the excess excitation energy.®® This is
most likely faster than a possible thermalization in the CT manifold which was found to be on the 1 ps
timescale.®” In the work by Grancini et al. a clear excitation energy dependence of optical signals
assigned to polaronic states is found.®® Bakulin et al. found that excitation of states in the CT manifold
with a push laser pulse increases the efficiency of CT state split-up, with higher enhancements for low
IQE systems. However this enhancement was independent of the primary excitation energy,® meaning
that the push pulse excitation started from the same CT state. A general drawback of ultrafast pump
probe experiments such as TAS is the high charge carrier density necessary for the required signal to
noise ratio. Also free charge formation is most often concluded indirectly from the evolution of specific
optical features in the spectrum.

In great contrast, the results of quantum efficiency measurements carefully applied to solar cells with
almost direct CT; excitation proved that charge generation is as efficient from lower energetic CT states
as for higher energy excitations.®®’® Some BHJ system can overcome losses due to geminate
recombination meaning that the IQE is nearly 1. In these systems, all CT states formed after charge
transfer are split-up independent of the electrical field although free charge formation is thought to
start from the thermalized CT, state. That is against the field enhanced charge generation model which
was developed by Onsager and later refined by Braun!'® and it is counterintuitive as the Coulomb
binding energy is known to be higher than the thermal energy kT in organic semiconductors.
Therefore, other effects in the BHJ solar cell must account for the very efficient split-up of relaxed CT
states in the absence of extra vibrational (excess) energy.

a) b) Crystalline Fullerene C)

polymer phase
phase Charge separation
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Figure 2.4 (a) Energy scheme with ground state (GS), excited donor D*, charge transfer (CT) and
the charge separated states (CS). Indicated are several generation end recombination pathways
and the relaxed CT state CT;. (b) Energetics of a 3 phase morphology with crystalline polymer and
aggregated fullerene phases and the intermixed phase. Reprinted with permission from Shoaee
et al.''” Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (c) Energy levels in P3HT
at the PCBM interface. Reprinted with permission from McMahon et al.'*® Copyright 2011,
American Chemical Society.

The blend morphology has been found to play a fundamental role in efficient charge generation.
Generally the degree of polymer:fullerene intermixing, the domain size, molecular orientation as well
as the domain purity play crucial roles in charge generation.'>2° |t was proposed, that a 3-phase
morphology with highly intermixed phases, more crystalline and pure polymer phases, and aggregated

PCBM domains, with each having a favorable domain size, is necessary to achieve high generation
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yields.'” Figure 2.4b helps to explain the efficient charge generation in organic BHJ solar cells. As
proposed by Shoaee and co-workers,'” the electron affinity (EA) of the fullerenes is higher in
aggregated domains. In addition, the ionization potential (IE) of the crystalline polymer is lower as
compared to the intermixed phase. That energetic landscape at the interface directs polaron pairs
generated in the intermixed phase towards ordered and pure regions and helps to overcome
Coulombic attractions.

With electroabsorption experiments, Gélinas et al. found that in the presence of aggregated fullerenes,
the geminate pair can separate by 4nm within 40 fs.'?! At this distance, the Coulomb attraction
compares to the thermal energy, so that electrons and holes separate freely without requiring excess
energy for efficient charge separation. This is in agreement with results from Bernardo et al, identifying
a certain fullerene crystal size under which the spatial extent of the CT state is reduced. Also from
electroabsorption measurements they concluded, that the CT polarizability is correlated to the
probability of CT split-up and thus is a reason for a high generation yield. The polarizability as an
important parameter for charge generation was moreover postulated by Carsten et al.'?? It was shown
that the difference between the ground and excited state dipole moment Auge in the polymer
facilitates the formation of free charges by a larger polarizibility of the excited state with increased
degree of separation between electron and hole in the exciton.'?® Burke at al. predicted that high local
mobilities can enhance the geminate pair dissociation probability to unity in the 3-phase
morphology.'?* Local mobilities, measured via terahertz spectroscopy, can be up to four orders of
magnitude higher as compared to steady state bulk mobilities in P3HT:PCBM, thus enabling rapid
escape from the geminate partner within a very short timescale.'?*

In the 3-phase morphology as described above by Shoaee and co-workers, the efficient exciton and
charge transfer state split-up is solely explained for excitations within the intermixed region. In this
context, excitons formed in pure regions are repelled from the intermixed region by the increased
band-gap of molecules at the interface as shown in Figure 2.4c. However, according to McMahon et
al., '8 charges are also efficiently generated several Angstroms away from the interface by fast long
range tunneling into partially delocalized fullerene states. In the third polymer layer away from the
interface (1.14 nm distance), this process can be as fast or even faster than hopping to the interface,
making it quite efficient.'!8

Even in the case without the favorable 3-phase morphology, there are two factors influencing the
interfacial energy level alignment such that the CT; is easily separated. First, the difference of the
permittivity of the D and the A can create interfacial band bending in such a way that the charges will
be repelled from the interface in the higher dielectric material.’>® Second, molecular multipole
moments such as dipoles orientated in a favorable direction with respect to the interface can create

electrostatic fields that affect HOMO and LUMO levels to enhance free charge formation.?
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2.5 Non-Geminate Recombination in Competition to Extraction

Non-geminate recombination occurs, when free charges meet at the DA interface and reform a CT
state. This reformed CT state can recombine radiatively or non-radiatively to the GS acting as a loss
channel as indicated in Figure 2.4a with the rates ks and k..

To describe NGR in organic solar cells, the Langevin recombination model is often applied. According
to Langevin’s derivation, the limiting step for recombination is the motion of free charges towards
each other via drift in the mutual Coulomb-field. The derivation considers first to have one fixed
electron that creates an attractive (radial, in 3 dimensions) Coulomb field F = e - (41&y&,72) ™ with e
the elementary charge, r the electron hole distance, and &, and &5 materials and vacuum permittivity,
respectively. It is assumed that holes move with the relative mobility u, + u, being the sum of the
hole mobility and the electron mobility that the electron would have when not being fixed. The
recombination current density of the hole due to drift in the field of the electron is j,...n, = ep(un +
Ue)F with p being the hole density. Integration of j,... , entering the surface of this sphere with radius
r gives the total hole recombination current per electron ILeecp = jrecn * 4nr? = e*p(up +
Ue)/(€0&r) = yep. Here y is the Langevin recombination coefficient. Now the scheme is generalized
to N electrons. The recombination rate per unit volume R = (Z?Lllrec,h)/ev is the sum of the
recombination current per electron over all electrons per unit volume V. The sum can be expressed by
the hole recombination current per electron I ... ,, times N electrons in the unit volume leadingto R =
Ne?p(u, + 1e)/(g05-eV) = Nyep/(eV) = ynp, with n being the electron density. Accounting for
intrinsic holes and electrons n; and p; that are assumed to be constant by e.g. thermal excitation or

injection, the Langevin recombination rate can finally be derived as:

R =y(np —nyp;) = S8 (i) (2.9)

Eoér

In the derivation of equation 2.9, a few assumptions are made that are not fully satisfied in BHJ systems
(see Figure 2.5a). Langevin assumes a homogeneous isotropic media. In organic BHJ, charge carriers
might become trapped or are restricted to specific hopping sites. Also, a blend morphology with
separate pathways for holes and electrons is not considered. Furthermore, the energetic landscape at
the DA interface may act as a barrier for charge motion across this interface.

Given these assumptions, it is not surprising that the measured recombination coefficient is
significantly reduced compared to the Langevin coefficient from equation 2.9 by 2-3 orders of
magnitude for most DA copolymer:fullerene blends (see chapter 5 and 6) and up to 4 orders of
magnitude for P3HT:PCBM.?¢ This finding is rationalized by the blend morphology namely the reduced
probability of free charges reaching the DA interface when traveling along the center of pure polymer
filaments or fullerene aggregates.'?® In addition, when gradients in IE and EA at the interface stabilize
charges away from the DA heterojunction, free charges are also hindered in reforming CT states when
they are traveling in pure phases. Thus, NGR can be significantly reduced by a favorable 3-phase blend

morphology with the above described interfacial energy level alignment.
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Figure 2.5: Different non-geminate recombination mechanisms. Reprinted with permission from
Lakhwani et al. ” Copyright 2014, Annual Reviews.

Further advances have been made that describe the recombination mechanism and account for the
disordered morphology and trap states. As shown in Figure 2.5b, Koster pointed out that only the
smaller mobility, e.g. the one for holes when p;, < p,, rather than the sum of both should enter in
equation 2.9. The probability of charges meeting at the DA interface is thus limited by the slower type
of carrier. With the help of drift-diffusion simulations and a set of P3HT:PCBM solar cells subject to
different annealing conditions to vary the electron hole mobility ratio, the model was experimentally
supported.

Nelson proposed a model (Figure 2.5e) in which the recombination is limited by the detrapping of holes
in presence of an exponential density of trap states.!?® Increasing the density of photogenerated
charge will fill these traps and thus accelerate non-geminate recombination to R = ynpysyee-

The model described by Arkhipov et al. in Figure 2.5d includes disorder by random spatial fluctuations
in the potential landscape AE of the disordered organic material.'® In that model, the recombination
rate y depends on the Langevin recombination coefficient y;,, modified by AE via y « AE -
exp(—AE /kT)y,qn- To obtain a Langevin reduction factor of 10, AE needs to be around 0.13 eV.
The prominent trap assisted recombination model (Figure 2.5c), in which recombination occurs via a
density of N; traps, was developed by Shockley, Read, and Hall (SRH) in which the recombination rate
follows the expression:!3°

CnCpNinp
Cn(n+n1)+Cp(p+p1)

) E
Rpy = with n;p; = N.,exp(— ﬁ). (2.10)

Here C,,C, are the capture cross sections for electrons and holes, respectively, and N, is the effective

density of states.

In order to describe the efficiency of charge extraction, the recombination loss current can be generally

expressed by:!3!
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] = edR = ed —— with — n%. (2.11)
NGR Y

(n) )

Here, T(n) is the density dependent carrier lifetime and a + 1 the recombination order which is 1 for
monomolecular i.e. trap assisted SRH recombination and 2 for bimolecular recombination. The
empirical reaction order a + 1 describes how the recombination rate R scales with the charge carrier
concentration. Higher recombination orders (>2) have been found experimentally in organic BHJ solar
cells. 32133 They were attributed to a recombination coefficient depending implicitly on density!3? due
to a broad distribution of the density of states.'** Additionally, the non-homogeneous distribution of
carriers across the device with decreased spatial overlap between electrons and holes, especially for
thin active layers, was shown to result in apparent reaction orders above two.'*3

Despite the achievements in modifying and describing several new recombination models (reduced)
Langevin bimolecular recombination with a recombination order of two is mainly found to be the
dominant recombination mechanism in organic BHJ solar cells.!**13>13¢ Dye to low charge carrier
mobilities, efficient charge carrier extraction is crucial for achieving high FFs and high efficiencies in
organic BHJ solar cells. According to equation 2.11, the recombination current depends quadratically
on the charge carrier density via Jycr = edyn? assuming BMR to be the dominant mechanism. At
lower internal fields close to open circuit conditions, the charge extraction is slow increasing the overall
amount of charges present in the device in steady state. As the recombination current depends
guadratically on the density, the FF is sensitively linked to the lifetime t(n). Only a scenario with high
carrier lifetime characterized by a reduced BMR coefficient and rapid extraction (high mobility) can
realize high FFs. Thus the mobility-lifetime ratio p/T must be maximized to achieve good performance

such that the competition between recombination and extraction is won by the extraction.

2.6 The Open-Circuit Voltage

a) LUMO b) LUMO
Ec-Ey Ec.-Ey
EF.e
Ere eVoc
AEg eVoe AEg
= Een

X “HELL_______ﬁﬁEK
HOMO HOMO

Figure 2.6: Energy level diagram with conditions at open circuit and fixed intensity, for (a) high
generation, low recombination and (b) low generation, high recombination. Ef . and Eg j, are the
quasi-Fermi levels of electrons and holes, E. — E,, is the effective band gap.

The motion of charges in BHJ solar cells is governed by drift and diffusion. The drift and the diffusion

current for e.g. electrons is:
Je =]drift,e +]diff,e =enp.E +eD,Vn =nu,VEp, (2.12)
and the sum of the electron and the hole current is:*¥’
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Jtot = NV Epe + pupV Epp. (2.13)

Here, n (p) is the electron (hole) density, u, (uy) the electron (hole) mobility, V Eg, (V Egp) the
gradient of the electron (hole) quasi-Fermi level, D, the diffusion coefficient for electrons. At open
circuit conditions, the net-current is zero and thus gradients of both quasi-Fermi levels are, in good
approximation, zero and independent of position.!*® This situation is displayed in Figure 2.6.

To reach a high Vo, electron and hole selective contacts with suitable workfunctions should be applied
that form ohmic contacts in the so called pinning regime. This is mostly fulfilled when the hole selective
contact is formed with a substrate workfunction being larger than the donor ionization energy and the
electron selective contact should have a lower workfunction as compared to the acceptor electron
affinity. With such contacts, the barrier to injection is negligible and the Voc is not limited by the
contacts.’® Due to the workfunction difference, electrons (holes) are injected from the low
workfunction (high workfunction) electrode into the organic semiconductor. Then, Fermi level
alignment is reached by charge injection across the electrode interfaces regulating the position of
LUMO (HOMO) above (below) the intrinsic contact Fermi level. The Voc is then determined by the
quasi-Fermi level splitting eV,,. = Er , — Epj, in the BHJ solar cell and depends on the steady state
carrier density. To calculate the position of the quasi-Fermi energies, the Fermi-Dirac distribution of
electrons and holes is approximated by Boltzmann statistics and a band occupation with step-function
is assumed, meaning that no states can be occupied below the LUMO onset E,. for electrons and above
the HOMO onset E,, for holes. Within the band, the density of state distribution is constant and with
that also effective state density for holes Ny, and electrons N, is independent of energy. This leads to

the following equations

Epp=E,—kTIn (Nﬁh) and Ey, = E, + kTIn (Nl) . (2.14)
From equation 2.14 follows the definition of the free energy F = U — TS in which U is the internal
energy represented by E,, or E. and kin(p/N,) or kin(n/N,) the entropy S. The free energy is
minimized for e.g. n electrons in a sea of N, possible states regulating the position of the quasi Fermi
level. This entropic loss accounts for 12% loss of the incoming power in the AM 1.5G spectra in the
radiative SQ limit as described before.

With equation 2.14, the Vioc can be written as:

eVye = E — E, + kT (2). (2.15)

eNp

With R = ynp and the generation rate G = R at open circuit, this leads to

G
eV,, = E. — E, + kTln (yNeNh). (2.16)
Thus, the Voc mainly depends on the effective gap E. — E, = ERN% — Ef;lf,,egwr and is influenced

logarithmically by the competition between generation and recombination of charges at this low

internal field. According to equation 2.16, increasing the charge generation rate enhances the Voc. For
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some inorganic systems this is favorable as the Jsc can be linear in intensity with a constant FF, when
not recombination limited, resulting in enhanced efficiency under concentrated light. However, for
most organic systems, the higher Voc is counterbalanced by the sublinear dependence of Jsc and a
reduction of FF with higher light intensity. For typical generation rates at one sun condition in organic
BHJ solar cells, (E, — E,) — A Eg~ 0.5 eV 1341

A significant enhancement of the V¢ can be accomplished by reducing the NGR at small internal field
conditions. This was proven by Vandewal et al.’*® by reducing the amount of donor molecules
dispersed in the acceptor matrix. Diluting the donor from 10 to 1% increased the Voc by a reduction of
the interfacial area and was accompanied by enhanced carrier lifetime and reduced NGR. On the other
hand, several studies indicate that higher energetic disorder will most likely reduce the Voc. 134140
Blakesley and coworkers showed that a 100 meV disorder in a Gaussian disorder can reduce the Voc
by up to 0.4 V as compared to zero disorder.?3*

A very interesting finding is that the Voc of ternary blends, consisting of either 2 energetically different
donors and 1 A, or one D with 2 energetically different acceptors, is not necessarily limited by the
smallest effective gap. In the case of 2 acceptors (A1 and A2) and 1 donor D, the Vo lies between the
Voc of A1:D and A2:D depending on the ratio between A1:A2.1%%142 This was called the “parallel like”?4?
BHJ solar cell and Street et al. attributed this discovery to the formation of delocalized CT states
determined by a material-averaged electronic structure.'®! Yang and coworkers were able to use this
“parallel like” concept to increase the overall efficiency of a ternary A1:A2:D blend by 30% as compared

to the A1:D or A2:D blends.'*?
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3.1 Materials and Device Preparation
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Figure 3.1 Chemical structures of the organic conjugated molecules used in this work.

The typical device structure for organic solar cells in lab research is a sandwich of the active organic
layer in between two electrodes. Tin doped indium oxide (ITO) is used as the transparent conductive
oxide (TCO). The metallic back electrode is made by thermally evaporated metals. If not stated
otherwise, for all solar cell samples shown in this work, pre-structured ITO covered glass substrates
(Optrex or Lumtec) were covered with 40-60 nm poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate) (PEDOT:PSS) (Al 4083, Clevios) which was subsequently heated at 180°C in the glove-box for
about 10 min. To prepare the active layer, the donors were mixed with soluble fullerene derivatives in
different weight ratios in chlorobenzene (CB) or o-dichlorobenzene (DCB) at elevated temperature,
with an overall blend concentration of 15-36 mg/mL, using spin speeds around 1500 rpm for 40 sec.
Appropriate amounts of diiodooctane (DIO) in between 1 and 3vol% were added to the CB when
needed. The donor to fullerene weight ratio was optimized individually for each blend and was in
between 1:1.5 to 1:4 by weight. All devices were finalized by thermal evaporation of 10 nm calcium
(Ca) and 100 nm aluminum (Al) or silver (Ag) at a base pressure below 10 mbar. Due to the high boiling
point of DIO, all DIO processed devices have been dried in UHV at room temperature for at least 3 h
prior to evaporation of the back contact. The active area was defined by the overlap of ITO and metal,
and was 1.0 or 1.1 mm? for transient measurements to ensure low RC-time constants. For solar cell
performance comparisons 16, 6.36, or round 4.9 mm? active areas were used. All devices were
encapsulated with two-component glue and a glass lid prior to air exposure.

For inverted devices a TiO, sol was synthesized according to Park et al.?® under exclusion of moisture
and oxygen. The final sol-gel product was diluted with methanol and spin-cast at 5000 rpm onto ITO

followed by heating to 80°C for 10 min in air to form a TiO, layer with a thickness of 8-10 nm.
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Subsequently, the samples were transferred into the nitrogen-filled glove-box and heated to 140°C for
10 min. After spin-coating of the active layer, the devices were completed by thermal evaporation of
10 nm of molybdenum-trioxide (MoOs) and 100 nm of Ag.

Devices for hole-only current measurements were built with ITO/PEDOT:PSS bottom contacts
combined with 10 nm (MoOs) and 100nm Ag top contacts. For electron-only devices, the
ITO/PEDOT:PSS bottom contact was covered with 50 nm Al and Ca/Al top contacts were used. Samples
made for absorption spectroscopy have been prepared by dissolving the pure polymer or polymer
fullerene blends in CB or DCB and spinning on glass substrates. The fabrication of the devices used for
energy filtered TEM were made from the same solutions as used for solar cells. However, the spin
speed was increased to decrease the layer thickness to about 60-70 nm. The films were then floated
of in water and transferred to the TEM grid. For UPS samples, lower blend concentrations were used
to reduce the film thickness to 20 nm.

Figure 3.1 displays the organic semiconductors used as active solar cell materials in this work. The
acceptors PCeoBM (>99.5% purity, Solenne), PC;0BM (>99%, Solenne), IC¢BM (indene Cep mono-
adduct) (>99%, Lumtec), ICsoBA (indene Cgo bis-adduct) (>99%, Lumtec) or IC¢TA (indene Cgo tris-
adduct) (>96%, Solarischem) are shown on the left. The used donors are shown on the right side.
Poly[2,6-(4,4-bis(2-ethylhexyl)-4Hcyclopenta[2,1-b;3,4-b"]dithiophene)-alt-4,7-(2,1,3-benzothiadia-
zole)] (PCPDTBT=0F)% is a low band-gap polymer which was provided by Ullrich Scherf from University
of Wuppertal, with Mn between 14-19 kDa, or by Silvia Janietz from Fraunhofer Institute for Applied
Polymer Research with Mn of 11 kDa. The fluorinated derivatives poly[2,6-(4,4-bis(2-ethylhexyl)-4H-
cyclopenta(2,1-b;3,4-b']dithio-phene)-alt-4,7-(monofluoro-2,1,3-benzothia-diazole] (F-
PCPDTBT=1F)**1% and poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']dithiophene)-alt-
4,7-(difluoro-2,1,3-benzothiadiazole)] (2F-PCPDTBT=2F)**%> were synthesized by Silvia Janietz with
Mn between 11- 25 kDa and 5-10 kDa, respectively. The silicon bridged PCPDTBT derivative poly[(4,40-
bis(2-ethylhexyl)dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzo-
thiadiazole)-5,50-diyl] (Si-PCPDTBT)*® was provided by Konarka with Mn of 10 kDa. Poly(di(2-
ethylhexyloxy)benzo[1,2-b:4,5-b’]dithiophene-co-octyl-thieno [3,4-c]pyrrole-4,6-dione) (PBDTTPD)¢
was synthesized by Jessica Douglas at University of California Berkeley with Mn of 36 kDa. Poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-vinylene] (MEH-PPV) with Mn between 30-70 kDa was

purchased from Sigma Aldrich.

3.2 Determination of the Optical Constants

The transmission of organic films (blends or single component films) on glass substrates was measured
using a Varian Cary 5000 spectrophotometer in double beam mode. In this mode one beam contains
the sample on a glass substrate and the other a pure glass substrate as reference sample to subtract
the background absorption and reflection from the air glass interface. Absorption and reflection of the
respective materials on completely covered 25x25 mm glass slides was measured with an integrating

sphere. For reflection measurements of complete solar cells, thermally evaporated electrodes were
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covering the complete substrate. From the reflection and transmission measurements, the optical
constants of the active organic layers were deduced via simulations with a transfer matrix formalism
(see paragraph 3.4) code established within the lab internship of Matthias Golke. The complete details
of the simulation can be found elsewhere.*”1%8 Just briefly, the complex refractive index 7 of thin
organic layers on thick (>1mm) glass substrates is modeled until the simulated reflection and
transmission of the stack merge the measured data within a certain tolerance. To ensure a continuous
function 71(1) a penalty function correlating 7i(1) to fi(A4 + 1) is introduced. Thicknesses necessary for
the correct determination of the optical constants have been measured with surface profilometry
(Dektak 3, Veeco). Optical constants of the electrode layers have been also measured via transmission

and reflection or taken from literature.#%1>0

3.3 Current Voltage Characteristics

The solar cell characteristics were measured with an Oriel class ABA (A for spectral match, B for spatial
uniformity, and A for temporal stability) simulator 94042A calibrated to 100 mW/cm? and a Keithley
2400 source meter. The samples were temperature controlled to 25°C during measurement. The
calibration of the sun simulator was performed with a KG3 filtered silicon reference cell UPO001/055-
2009 calibrated at Fraunhofer ISE. If mentioned, a mismatch correction was done according to
Shrotriya et al.’®! The mismatch between the AM 1.5G spectra and the sun simulator reference cell
system was below 4%, depending on the band-gap of the active material. Compared to the AM1.5G
spectra, the sun simulator light output is higher in the blue to green spectral range and lower in the
near infrared. The calibration was performed on an area of 4 cm? determined by the active area of the
reference cell. The local intensity mismatch due the positional inhomogeneity of the intensity profile
(due to the fact that the devices have much smaller active areas) was neglected. The positional error

of the used sun simulator is less than 5% over the complete irradiating area of 10x 10 cm.

3.4 External and Internal Quantum Efficiency

The external quantum efficiency (EQE) was measured with monochromatic light from high-pressure
tungsten or halogen lamps mechanically shopped to 90 Hz for the detection with a Princeton Applied
Research lock-in amplifier (model 5302) over a 50 or 1000 Q resistor. The intensity of the
monochromatic chopped light was checked with an UV enhanced crystalline silicone solar cell
(Newport 818-UV), calibrated at Newport. From integration of the EQE spectra and the spectral

irradiance Esp of the AM 1.5G spectra according to
Jsc = %f Esg - 1-EQE(X)dA, (3.1)

the EQE can be compared to the mismatch corrected Jsc measured with the sun simulator. Note that
the charge carrier density in the active layer is much lower when the EQE is measured as compared to
AM 1.5G illumination due to the low monochromatic light intensity. For tandem cells, continuous wave

background illumination was performed with 740 nm (Roithner, H2A1-H740) or 525 nm (Alustar,
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9008100) LED arrays containing three LEDs mounted on a heat sink ring. One sub-cell was optically
biased with the LED array having the suitable wavelength, the other sub-cell, not absorbing the bias
light strongly, was measured with the chopped monochromatic light without the application of a
constant voltage offset. Applying no external voltage offset can cause some error of the measured EQE
152

especially for low FF sub-cells.

The internal quantum efficiency (IQE) according to
IQE(E) = EQE(E)/A(E), (3.2)

was calculated by dividing the EQE by the absorption in the active layer A(E). The absorption in the
active layer of the solar cell device was modelled via the optical constants with a transfer matrix (TM)
formalism, taking into account multi-reflections, interference in all layers (except in the thick glass
substrate), and parasitic absorption of e.g. the electrodes in the solar cell stack.

The TM formalism is described in detail elsewhere.?®* just briefly, the device stack with i layers is
parameterized in 2i+1 different matrices assuming perfect flat interfaces between layers and optically
isotropic as well as homogeneous layers with 7l being independent of light polarization and position in
the layer. One matrix (the interface matrix) is set for each interface (e.g. the i-1,i interface) including
complex Fresnel coefficients for reflection and transmission. The layer matrix describes the light
propagation with absorption through e.g. layer i. With the multiplication of all TMs, the total
transmission through the device stacks or its total reflection can be simulated. When the optical
electrical field of the layer number n within the device stack is desired, the multiplication of all transfer
matrixes in the light propagation pathway before layer n relates the electrical field of light propagating
in positive direction through the n-1, n interface to the incident plane wave. The multiplication of all
matrices after layer n relates the light propagating in opposite direction of the incident plane wave
through the n+1, n interface relative to the incident plane wave. The number of absorbed photons at
position x in layer n is given by the modulus of the electrical field at this position as the sum of the
fields propagating in both directions. Especially for thin films with reflecting back contacts, this results
in absorption profiles that differ from simple Beer-Lambert light propagation.

Additionally, A(E) was calculated in chapter 9 by the simplified assumption that the incoming wave

passes through the active layer twice, due to reflection from the metallic cathode, according to
A(E) = 1 — e(-2da(E) (3.3)

with @ and d being the absorption coefficient and the active layer thickness, respectively. In this

simplified calculation, the IQE can be quantitatively compared to that from the TM simulation.

3.5 Charge Extraction Techniques (TDCF, BACE, Photo-CELIV)

The technique of time delayed collection field (TDCF) was first applied to a-Si:H by Mort et al.?>> in

1980 and later adopted to organic materials by Popovic'®® and coworkers in 1996 as well as Hertel et

157

al.””in 2002. Some years later, Offermans and co-workers applied this technique to organic BHJ solar
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cells in 2006.2°® Our group improved this method and decreased the delay between laser pulse and
extraction, which was an important step to measure charge generation in several organic blends. The
optical pump electrical probe methodology makes use of the different timescales for free charge
formation and NGR as introduced above. By making sure that the delay time between pump and probe
is well suited to ensure that free charge formation is completed and NGR is not initiated (at this charge
density), charge generation as function of various parameters can be measured by the application of

a high reverse bias that suppresses NGR during extraction.

a) TDCF b) BACE c) photo-CELIV
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Figure 3.2 Measurement-schemes for different charge extraction techniques. The upper panel
shows the applied voltage step and the illumination signal, the lower panel displays the
corresponding photocurrent signal for (a) and (b) and the transient under illumination for (c). (a)
Time delayed collection field (TDCF) with the characteristic photocurrent shape for ca. 150 ns
delay time with two distinct current maxima (b) Bias enhanced charge extraction (BACE) (c)
Photo-current extraction under linearly increasing voltages (photo-CELIV).

In our TDCF experiment, a short nanosecond laser pulse in combination with a voltage step is used to
measure the generation and recombination of charges. The measurement scheme is shown in
Figure 3.2a. The pulsed excitation (5,5 ns pulse width, 500 Hz repetition rate, 10 ns jitter) was done
with a diode-pumped, Q-switched Nd:YAG laser (NT242,EKSPLA) which was frequency tripled to pump
an optical parametric amplifier (OPO). The OPO output can be tuned in between 450-680 nm and 750-
2000 nm by using either the signal or the idler of the OPO. In this setup, no residual parasitic
wavelengths (i.e. 1064, 512, or 355 nm, or the OPO idler if signal was used) can be found when the
light is tuned by the OPO. This was proven by carefully checking the beam spectra at the position of
the sample with a spectrophotometer.

The possible time delay between the laser pulse and the start of the collection voltage ramp was
decreased from a 150 ns setup developed by Juliane Kniepert®*® to 10-20 ns by Jona Kurpiers and is
described in detail elsewhere.!® Briefly, an Agilent 81150A pulse generator with a very fast slew rate
of 2.5 ns was used to apply the pre- and collection bias to the sample. The current through the device
was measured via a 50 Q resistor in series with the sample and was recorded with a Yokogawa DL9140
oscilloscope. To reduce the effect of the laser jitter on the measurement, the pulse generator was
triggered via a fast photodiode (EOT, ET-2030TTL) detecting the laser pulses at the laser output. To

compensate the internal latency of the pulse generator, the laser pulses were delayed with a 85 m
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long multimode fiber (LEONI) with respect to the first trigger diode. The pulses broadened to 6.4 ns
after the fiber. A second fast photodiode (EOT, ET-2030) was placed after the fiber to trigger the
oscilloscope. The pulse fluence was measured with a power meter (Ophir, Vega) equipped with a
crystalline silicon photodiode sensor (PD300-UV) which was monitoring the pulse fluence during
measurement using the reflection from a glass slide as a beam-splitter.

In the application of the measurement procedure, transients are recorded several times with the laser
pulse applied to the sample and with the beam blocked by a mechanical shutter. The photocurrent
signal is the difference of the averaged transient with and without the laser pulse hitting the sample.
The integral over the phototransient is Q;,+ and is a measure of the photogenerated charges. Note
that the phototransient is not collecting charges that are injected at the respective pre-bias as the
transients recorded in dark and with the laser pulse both measure injected charges. By calculating the
difference signal, these charges are canceled out.

When applying different pre-bias conditions to the sample during the time when the laser pulse hits
the sample, the field-dependence of charge generation can be measured. To make sure that non-
geminate recombination or extraction losses are suppressed during the short delay between laser
pulse and extraction bias, the fluence dependence needs to be checked carefully. In this way, also
other effects being non-linear in charge density such as exciton-photon or exciton-exciton interactions
can be ruled out. As described before, the non-geminate recombination depends quadratically (for
bimolecular recombination) on free charge carrier density. Geminate recombination, however, is
independent of the free charge density. Thus, the total charge should depend linearly on the laser
fluence and the field-dependence of generation should be independent of fluence to make sure that
these processes are not active. Then, the field-dependence of the charge generation can be directly
determined from the total charge as function of pre-bias. Additionally, the collection voltage is chosen
such that it is high enough to collect all charges and small enough to suppress significant injection
currents when photogenerated charges are extracted.

From TDCF experiments, also, the EQE of charge generation in the absence of transport or non-
geminate recombination losses can be determined as function of excitation energy and pre-bias. This
is assigned here as the external generation efficiency (EGE) and can be calculated with the active area

a and the laser fluence F(E) via

_ hcQot(E)
EGE(E) = TeaFE)" (3.4)

The internal generation efficiency (IGE) can be calculated by dividing the EGE by the absorption A(E)
IGE(E) = EGE(E)/A(E). (3.5)

The bimolecular recombination coefficient was iteratively calculated from the TDCF-data by tracking
the evolution of the extracted charge carrier density from the device with increasing delay time.

Applying the continuity equation, the following formula can be derived:
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dQpre
dt .

dQcoll
dt

—yead(n,p, — nppp) — (3.6)

Here, n;p; and nppp are the electron and hole densities under illumination and in dark, respectively.
y is the bimolecular recombination (BMR) coefficient, Qco;; and Qpr are the integrals of the
photocurrent during delay and extraction, respectively. d is the device thickness and a the active area.
The term in brackets accounts for the fact that photogenerated charges recombine with both,
photogenerated charges n,;, and injected (dark) charges np. The 2nd term accounts for extraction
during the delay. It is assumed here that the photogeneration of charges is not affecting the electrical
field distribution and the injection of charges. In the experiment, Q.,; = ead(n; —np) is not
containing dark charges, because the dark transient is subtracted from the transient under illumination

as described above. Assuming that n = p, n p;, = n? in the bracket in equation 3.6 can be written as

Qcou) Qcoul
(L) +2- £ S o+ n% —n and thus

ead
AQcoll __ (Qcoll) Qcoll _ d0pre
0 = yead( ) T 2 oad D) v (3.7)

For short time intervals At of the delay time t;, equation 3.7 can be rewritten as iterative formula:

Qcoll(td + At) — Qeoul(ty) =
[Qcoll (td) + ZQcoll(td) QD [Qpre (td + At) Qpre(td)] (3-8)

ead

In equation 3.8, Qp is the dark charge density which is measured with dark CELIV or dark BACE

experiments for each individual pre-bias (see below).

As indicated in Figure 3.2a, the extrapolation of the initial decay towards zero photocurrent yields the
transit time of charges t;,.. From that, the mobility y(E) can be calculated with the extraction field
E=(Vy; + V,on1)/d. Here Vy; is the built in voltage that is assumed to be zero at the voltage of zero
photocurrent being usually around 30 mV above the open circuit voltage:>°

dZ

U — 3.9
ter(E)' (VpitVeolr) (3.9)

u(E) =

The transit time t;,. is the time photogenerated charge carriers need to travel the entire device
thickness. When the initial decay of the phototransient is used, the mobility extracted is that of the
faster type of carrier. When the mobilities of both types of carriers differ significantly, two regimes
with different linear decays can be identified. However, the initial decay can be identified more
accurately as the measured transient decay for larger timescales is typically non-linear (see Figure 6.4)

due to dispersive transport or space charge effects.

The technique of bias amplified charge extraction (BACE)*! is very useful when the number of charge
carriers in the working solar cell under steady state conditions is needed. The measurement scheme

and setup is comparable to TDCF as shown in Figure 3.2b. TDCF makes use of nanosecond laser pulses.
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BACE instead uses a white light or monochromatic LED as illuminating source which is applied for
milliseconds to get the solar cell into steady state between generation, recombination, and extraction
at a certain pre-bias. This LED needs to have a fast light switch-off time to ensure that no free charges
are generated at the collection field and that no NGR is active during delay. Here a high power 1W,
445 nm laser diode (insaneware) with ~ 10 ns light switch-off time mounted onto a heat sink is used.
The laser diode is operated at 100 Hz repetition rate with applying the light for 9 ms to the sample to
reach steady state conditions. The light is coupled into a fiber (LEONI, 60 m) for ensuring high
homogeneity of the light profile. After the light is switched off, the voltage is reversed to extract all
carriers without recombination losses as in TDCF. To correct for only the capacitive signal at each pre-
bias condition, the following measurement procedure is applied: First the sample is held at the pre-
bias V.. with light and the collection is realized at the collection bias V,,; after the light is switched
off. Second, the sample is held at zero bias in dark to avoid charge injection or photogeneration and
extraction is realized at —(V;o;; + Vre) (see Figure 3.2b). This measurement routine ensures that the
dark transient is recorded with the same bias-step as under illumination. Thus, subtraction of the
charge from the two measurements accounts for the capacitive signal only and the corrected transient
comprises the sum of photogenerated and injected charges at V;; under illumination. The dark charge
at each pre-bias was measured via BACE, but without the application of light from the laser diode. First

the sample is held at V},., and collection is realized at the collection bias V. Second, the sample is
held at zero bias and extraction is realized at _(Vcoll + Vpre). The subtraction between both transients

contains the dark charge being present in the device at the respective pre-bias.

The current extraction under linearly increasing voltages (CELIV) technique was first published by Juska
et al. in 2000 to determine the mobility of a-Si:H.'®? In the same year, it was applied to polymers and
free charges were photogenerated by application of a laser pulse (photo-CELIV).1®® The CELIV
measurements reported here used the same laser and excitation wavelength as in TDCF. The
measurement scheme can be found in Figure 3.2c. The linear increasing voltage ramp was applied with
an Agilent 33220A wave form generator. The resulting current transients were measured with a fast
current amplifier (Femto DHPCA-100) and a digital oscilloscope (Yokogawa DL9040). To vary the field
F(t = tyqy) With t,,, being the time with maximum photocurrent, the voltage slope A’ was
increased by varying the pulse length, keeping the peak voltage constant. The mobility was calculated

according to:'64

_ 2d?
u

T oaare2 AJ
34/ thax[14(01855)]

(3.10)
Dark charges were measured via CELIV without applying the laser pulse at each pre-bias. The constant

capacitive current was subtracted from the CELIV transient recorded in dark to obtain the dark charge

injected at the respective pre-bias.
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with Tailored Recombination Contacts
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The work on hybrid tandem solar cells was the fundamental ambition to start working with the low
band-gap polymer PCPDTBT and its charge carrier dynamics in blends with PCBM. Also the idea of
fluorinating PCPDTBT was based on the opportunity of reaching higher open circuit voltages and higher
efficiencies in the hybrid tandem solar cell. This chapter summarizes the tedious work of device
engineering and finding suitable recombination contacts to realize reproducible, high efficiency

tandem cells.

This chapter is based on:
S. Albrecht, B. Grootoonk, S. Neubert, S. Roland, J. Wérdenweber, M. Meier, R. Schlatmann, A.
Gordijn, and D. Neher, Solar Energy Materials and Solar Cells 2014, 127, 157.
DOI: 10.1016/j.solmat.2014.04.020

The paper is reprinted with permission from Elsevier. Copyright, 2014 Elsevier B.V.
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4 Hybrid Inorganic/Organic Tandem Solar Cells

In this chapter, hybrid tandem cells with an a-Si:H front cell connected in series with an organic bulk
heterojunction sub-cell made from a Si-PCPDTBT:PC7BM blend is presented. This hybrid device design
is a quite new approach. In the last years, only few reports have been published using this hybrid
design, with efficiencies of 1.8-3.3% 5% and 5.7% ®® as reported by Kim et al. and Seo et al.,
respectively. Kim and coworkers use a low performing organic sub-cell made of PCPDTBT:PCBM, but
without using processing additives which are necessary to get good solar cell performance for this type
of blend® as highlighted in chapter 5. The work published by Seo and coworkers makes use of the
polymer PBDTTT-C having a band-gap of ~1.63 eV. To generate high currents in the organic sub-cell in
combination with a-Si:H, the band-gap needs to be lowered further as discussed later in this chapter.
Importantly all publications presented so far showed tandem cells with FFs below 50%, highlighting
the challenge of using appropriate recombination contacts in this hybrid configuration. Also, both
reports make use of ITO as the TCO which is typically used for organic cells but generally avoided in a-

Si:H solar cells.
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Figure 4.1 (a) Schematic device structure with a AZO/Ag/MoOs recombination layer, (b) device
structure with a AZO/PEDOT:PSS recombination contact. In the top-view images the organic and
the p-type recombination contact are neglected for simplicity. (c) JV characteristics of devices
with the structure shown in (a). (d) JV characteristics of devices from (b). All JV characteristics
shown here are measured without aperture under AM 1.5G illumination at 100 mW/cm?.

One of the standard TCOs used for a-Si:H or pc-Si:H cells is aluminum doped zinc oxide (AZ0).251%° AZO
can be easily sputtered with smooth surfaces and etched with e.g. diluted HCI to texturize the front
contact and generate light trapping effects.817° ITO which is usually used for organic electronics suffers
from the reduction by hydrogen radicals during a-Si:H or uc-Si:H layer deposition resulting in reduced

transparency when applied as front contact.!’! Therefore, the hybrid layer stack presented in this
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chapter is realized with AZO as the front contact and is displayed in Figure 4.1. The 700 nm thick front
AZO is deposited via sputtering. On top of that, a layer sequence of p-type, intrinsic and n-type a-Si:H
(together ~ 140 nm) is deposited via plasma enhanced chemical vapor deposition (PECVD). Finally, 70
nm back AZO is deposited via sputtering and used as the n-type layer in the recombination contact.
This layer is either deposited through shadow masks or covering the complete substrate without
application of a structuring mask. As the p-type layer of the recombination contact, two different
approaches were investigated as shown in Figure 4.1a and b:
a) Thermally evaporated silver (€1 nm)/ MoO3(10 nm) on laterally structured back AZO.
b) Spin-coated pH-neutral PEDOT:PSS (60 nm) on non-structured back AZO.
The active layer of the organic sub-cell is made from a Si-PCPDTBT:PC7,BM blend spin-coated on top
of the p-type recombination layer with a thickness of 90 nm. The device is finalized by thermal
evaporation of 10 nm Ca and of 600 nm Ag. The thick silver ensures that the active layer is mechanical
stable against the contact finger which is directly applied at the position of the active area. When
applying the direct contacting design, the active area can be defined by the metal cathode (round,
~5mm?) only. With this design, the front AZO can be fabricated without any lateral structuring. Lateral
structuring of the front AZO by laser scribing caused severe problems with laser ablated particles
remaining on the front AZO surface. Furthermore with this device design it is not necessary that the
structured back AZO exactly overlaps with the cathode as the cathode area is smaller and can therefore
be positioned with some lateral tolerance.
Figure 4.1c and d shows the JV characteristics of hybrid tandem solar cells made with the two different
recombination contacts. The recombination contact needs to ensure ohmic recombination and should
deliver a suitable work-function difference to realize that the open-circuit voltages of the individual
sub-cells sum up in the tandem cell configuration. For the AZO/Ag/MoOs recombination contact, a
significant change in the performance is measured when modifying the Ag layer thickness. If no Ag
interlayer or only 0.4 nm of Ag is used, the JV characteristic shows a strong s-shape with reduced FF of
about 56%. Also a low forward dark current is measured (see inset). Both findings are indicative of
inefficient recombination at the recombination contact. Increasing the Ag interlayer to 0.8 nm ensures
high dark current together with higher FFs of 65% of the tandem device. The FF increases further to
70% for 1 nm Ag, suggesting loss free recombination between both sub-cells. It was shown in previous
reports that recombination in the tandem cell recombination contact is enhanced when ultrathin
metal layers are used to form metallic recombination centers.}’?
A structured back AZO was used for these Ag/Mo0Os devices to reduce leakage from laterally collected
shunt currents. In the absence of laterally structured back AZO, a higher reverse dark current and lower
FFs were measured. When pH-neutral PEDOT:PSS (neutralized with diluted ammonia) is applied as the
p-type recombination layer, structuring of the back AZO leads to losses in the Voc. The structured back
AZO may not be uniform in thickness due to shadow effects during deposition. Also the bare a-Si:H
surface is strongly hydrophobic, reducing the wettability of the water based PEDOT:PSS suspension.
Thus we used homogeneously covered back AZO for hybrid tandem cells utilizing PEDOT:PSS. The
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corresponding JV curves are shown in Figure 4.1d. Significant differences in the performance are
measured when PEDOT:PSS formulations with different conductivities are applied. Using high
conductivity PEDOT:PSS results in strong dark currents at high reverse bias and reduced FF. With the
high conductivity PEDOT:PSS layer, leakage currents from shunts in the a-Si:H layer can be collected
from areas of the complete substrate. Making use of low conductivity grade formulations like Al 4083
leads to a series resistance with limits to the FF of 67%. The optimum between ohmic recombination
in vertical direction and losses from high conductivity in lateral direction due to the collection of
leakage currents is a mixture of Al 4083 and PH 510 1/1 by volume, generating FFs of 70% in good

comparison to the Ag/MoOs contact.
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Figure 4.2 (a) JV characteristics measured under AM 1.5G at 100 mW/cm? with the use of an
aperture. (b) Light biased EQE of the corresponding devices.

Table 4.1 Performance data of best performing hybrid tandem and single junction cells with
140 nm for a-Si:H pin and 90 nm for Si-PCPDTBT:PC;cBM layers.

device Jsc (EQE)® Jsc Voc FF PCE
[mMA/cm?]  [mA/cm?] [mV] [%0] [%0]

Tandem Cells: ¢

Ai4083+PH510 7.4817.25 7.34 1453 70.1 7.48

Al4083 7.10/7.22 7.42 1497 67.4 7.49

1nm Ag/ MoO3 7.5217.48 7.50 1465 69.0 7.58

Single Junctions: @

a-Si:H (flat AZO) ® 9.10 942 74.5 6.38

a-Si:H (rough AZO)® 11.1 941 711 7.42

Si-PCPDTBT:PC70BMf 15.1 590 63.5 5.65

b from integration of the EQE of the respective sub-cell measured with background bias light, 1st value= a-Si:H, 2nd
value= organic; ¢ measured on round pixels with 2.5 mm diameter with an aperture of 2.4 mm diameter; ¢ in
configuration with reflecting metal back contacts; ¢ initial efficiency measured on 1cm? active area; f measured on
round pixels with 2.5 mm diameter without aperture.

In Figure 4.2 the JV characteristics for AM 1.5G illumination through an aperture and the light-biased
external quantum efficiency (EQE) spectra of best performing cells with the different recombination
contacts are highlighted. When using the aperture during JV measurements, edge effects are reduced
and the measured Jsc is then very comparable to the value derived from integration of the individual

EQE spectra (see Table 4.1). The EQE spectra presented in Figure 4.2b are measured with
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monochromatic continuous wave background light at 525 nm or 740 nm to address the EQEs of the
individual sub-cells. The photovoltaic performance data and the Jsc from integration of the EQE spectra
can be found in Table 4.1.

Both contact designs give high FFs up to 70% in the tandem configuration. Also, the fact that the Voc
of the tandem is close to the sum of the Voc of both sub-cells in its particular single-junction
configuration proves that both recombination contacts perform as a loss free series connection. At the
thickness of 140 nm for the total a-Si:H sub-cell and 90 nm for the Si-PCPDTBT:PC7;0BM layer, the
currents are quite balanced at 7.2 to 7.5 mA/cm?. The final result is a PCE of 7.5% efficiency, which
constitutes a 18 % enhancement over the flat a-Si:H single junction and a 33% enhancement over the
Si-PCPDTBT:PC7BM cell. This result is the highest reported efficiency at the moment that utilizes

hybrid inorganic/organic tandem solar cells with a-Si:H and organic sub-cells.

a) b)
1 2 i T ! T e [ T T T 9 1 3 2 T T T
/n__,a/c _°"'~g‘\°x
L 7 {
11+ o I 12 ol 9.57 mAlom?
- —a.__g 111 & E 08 1
10- = 10 E 5 05, 8.56 mA/cm?
1 ﬂ I 17 < E 24 o4 1
— 9- a-SiH 100-300 nm: ]9 £ E Yoal
é Voc=0.9V ?J = 02 |
IQE=1.0in (i) layer — 24
w g IQE=0.6 in (p) layer 18 S @ -4+ i .
QO a o 0.1
o organic 70-250 nm: ? > A 0.0L— i
74w/ Lol Do 6 400 500 600 700 800 |
/ tandem 6 G 5 Wavelength [nm]
I Jse of limiting subcell o = ]
B - Voc= sum of subcells 5 i’? =1
W b M R | =Fecra]
5 & Nl S NS NS |E 4 | ——5 sec HC

650 700 750 800 850 900 950 1000 10 05 00 05 1.0 15
Donor Absorption Onset [nm] Voltage [V]

Figure 4.3 (a) Simulation of the hybrid tandem solar cell PCE (symbols) as function of donor
absorption onset in the organic blend with PC;0BM. The assumptions for the PCE (left scale) can
be found in the plot. The scale bars (right scale) show the current generated by the sub-cells in
blue for a-Si:H and red for the organic, with the IQEs as indicated. The best performing thickness
combination (in nm) is indicated vertically for each absorption onset. (b) JV characteristics of
devices with AZO/Ag/Mo0Os as recombination layer measured under AM 1.5G at 100 mW/cm?
without aperture, utilizing flat or textured front AZO (textured by etching 5 seconds in dilute HCI).
The inset shows the EQE of the a-Si:H sub-cells and the Jsc determined from integration of the
EQE spectra with the AM 1.5G spectra.

A further efficiency increase will be achievable via optimizing the donor band-gap in the blend with
PCBM in the organic sub-cell. We constructed a series of optical spectra in which PCBM is blended with
donors of different optical band-gaps Eg. The low energy absorption onset of the donor and with that
E was shifted by 20 nm for each optical spectrum. The Jsc of both sub-cells was modeled via a transfer
matrix formalism taking into account the optical parameters of the entire device stack, interference
and reflection. The current generated in both sub-cells is displayed in Figure 4.3 as bar chart as a
function of donor absorption onset. For each optical band-gap, the sub-cell thicknesses were optimized
to give the highest current for the sub-cell that is current limiting at this thickness combination. For
the organic blend, an IQE of 0.8 was chosen. There are reports with organic bulk heterojunctions having

a IQE of near unity,? but most of the low band-gap polymers show smaller IQE.Y>'7# For the a-Si:H
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sub-cell, the IQE was set to 1 in the i-layer and 0.6 in the p-layer and zero in the n-layer.t”® The
simulation nicely shows that when the polymer band-gap is too large, absorption of sunlight will be
mainly in a-Si:H, generating a low current in the organic sub-cell. Shifting the polymer absorption onset
to energies below 1.41 eV (875 nm) increases the current generated by the organic sub-cell without
further increasing the current generated in the a-Si:H sub-cell which has a maximum of ~9.6 mA/cm?
without light trapping in this hybrid architecture model. The Voc of the organic sub-cell is linked to the
band-gap via Voc= (Eg/€) - AViess. Thus, reducing the band gap enhances Jsc on one side but reduces Voc
on the other side. Realistic values of this energetic loss offset are in between AVjyss = 0.6-0.9 V 173 and
depend on the energetic position of the donor HOMO and the fullerene LUMO levels as well as on
recombination losses at Voc.** The Voc of the tandem is assumed to be the sum of both sub-cells and
the Jsc that of the limiting sub-cell. The latter one is a good approximation when both sub-cells have
balanced Jsc and high FFs.'>? To calculate the tandem cell efficiency, we estimated the efficiency by the
assumption of the FF to be 70 or 75% and AVi.s of the organic sub-cell to be 0.7 or 0.75 V. Values for
the efficiency are shown on the left scale in Figure 4.3 and range from 10.5% to almost 12% with an
donor absorption onset of ca. 835 nm, and layer thicknesses of 280 nm for a-Si:H and 90 nm for the
organic layer. At this band-gap and thickness combination, the currents of both sub-cells are well
balanced and the tradeoff between high current and high voltage is maximized. Both sub-cells have
reasonable thicknesses in terms of good extraction for optimized FFs. This semi empiric model with
realistic parameters shows the great potential of the hybrid tandem cell even in the absence of any
light trapping schemes.

Light trapping in a-Si:H has been shown to greatly enhance the generated current by increasing the
light absorption and reducing reflection losses. Also, light trapping has the advantage of allowing the
use of thinner a-Si:H layers that significantly reduces the impact of degradation due to the Staebler-
Wronski effect.}’® Usually, light trapping is achieved via texturized front TCOs like e.g. HCl etched
AZ0.8170 The etching induces a certain surface roughness with a root mean square roughness 40-100
nm and lateral features on a length scale of 400-1000 nm. In Figure 4.3b we compare hybrid solar cells
similar to the design shown in Figure 4.1a but with a higher a-Si:H thickness of 180 nm and the front
AZO which is flat or etched for 5 seconds in dilute (0.5%) HCI. The inset displays the EQE of the a-Si:H
sub-cell. Due to the higher roughness of the etched AZO front contact, the interference fringes vanish
and the overall EQE increases significantly due to light trapping. Although the organic blend layer is
processed on the rough surface without the use of smoothening PEDOT:PSS, the Voc and the FF of the
tandem cell remains almost that of the flat tandem. Note that the Jsc of the sample on textured front
AZO is not greatly increased due to the fact that the organic Si-PCPDTBT:PC;0BM cell is current limiting
with this thicker a-Si:H. Thus enhancing the current in the a-Si:H only slightly increases the Jsc of the
tandem with light trapping. However, this proof-of-concept shows the great potential of the hybrid
tandem design in combination with light trapping schemes, with the perspective to boost the efficiency

limit well above the 12% as estimated in Figure 4.3a when implementing suitable donors.
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This work was motivated by the inverted device architecture showing reduced degradation and
upcoming significance. Numerous publications and important efficiency records are realized with the
inverted device design. By combining experiments with optical simulations, it is found that the active
layer absorption can be enhanced by 10% in the inverted architecture for thin active layers.

Furthermore, fundamental knowledge about light management and device physics was obtained

during this work.

This chapter is based on:
S. Albrecht, S. Schéfer, I. Lange, S. Yilmaz, I. Dumsch, S. Allard, U. Scherf, A. Hertwig, D. Neher,
Organic Electronics 2012, 13, 615.
DOI: 10.1016/j.orgel.2011.12.019

The paper is reprinted with permission from Elsevier. Copyright, 2012 Elsevier Limited.
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As discussed in the introduction, organic materials benefit from high absorption coefficients. However,
optical simulations for PCPDTBT:PC;0BM (data not shown here) reveal that increasing the active layer
thickness from the 1st (~100 nm) to the 2nd (~250nm) maximum of absorption would enhance the
active layer absorption by more than 30%. A general drawback for most organic BHJ systems is the
imbalance between extraction and non-geminate recombination. Thus, most systems are optimized to
thicknesses of the first absorption maximum at 100 nm or below.*#¢

To further increase efficiencies in organic BHJ solar cell systems, either new materials with efficient
extraction and reduced non-geminate recombination or strategies to increase the active layer
absorption (77.bs), while keeping the thickness constant need to be considered. The latter can be
realized by optimizing the light management within the device stack. There is the possibility of
introducing optical spacers,? or choosing different contact materials reducing parasitic absorptions
and thereby increasing 77.bs."””

The standard and inverted device architectures for organic solution processed solar cells were
introduced in chapter 1.3. Inverted devices with PEDOT:PSS or MoOs as hole- and TiO,, ZnO or
polyelectrolytes as electron-selective contacts have gained considerable attention because of their
increased air stability and higher device performance as compared to standard structures.3®'’8 Thus,

inverted structures are now widely used for high efficiency polymer:fullerene solar cells.178180
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Figure 5.1 a) JV characteristics of 100 nm thick PCPDTBT:PC;BM devices (with 3vol% DIO)
measured under AM 1.5G illumination at 100 mW/cm? corrected for spectral mismatch.
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Figure 5.1 shows the JV characteristics of 100 nm thick PCPDTBT:PC;0BM solar cells with the use of the
processing additive DIO. The FF and the Voc of the inverted device is reduced which will be discussed
later. However, the Jsc and especially the photocurrent for reverse bias are greatly enhanced in the
inverted device design although the active layer thickness is identical in both devices.

Figure 5.2a shows the measured EQE of a standard and an inverted solar cell with a PCPDTBT:PC;0BM
blend layer thickness of 100 nm. Clearly, the inverted device exhibits a higher EQE throughout the
measured wavelength range from 350 to 900 nm. The fraction of absorbed light in each layer and the
total reflection was modeled with a transfer matrix formalism based on the complex indices of
refraction for each layer in the device stack. Comparison of the EQE and the corresponding modeled
fraction of absorbed light in the active layer for the different device architectures proofs that the EQE
scales well with the modeled absorption. Actually, the IQE as calculated from the EQE and the fraction
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of absorbed photons is rather similar for both device structures. The deviation between measured and
modeled reflection for the normal device is higher und thus the IQE is not as flat as the one presented
in Figure 5.2b for the inverted device. However both IQEs have a mean value of about 71 %. This implies
that the higher EQE for inverted devices originates from the higher absorption of the active layer.
Figure 5.2b also displays that the variation of the IQE with wavelength is rather weak. A systematic
difference in IQE for predominant polymer or the PCBM absorption as reported by Burkhard et al.28!
or a significant excitation energy dependence as published by Grancini and coworkers®® is not found.
The high quality of the modeled absorption in the device stack is proven by the very good agreement

between the simulated and measured reflectivity of the full device.
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Figure 5.2 a) EQE and modeled fraction of absorbed light in standard and inverted devices with a
PCPDTBT:PC7BM thickness of 100 nm. The inset shows the generation profile as function of
position in the device b) Modeled internal quantum efficiency (IQE) together with measured and
modeled reflection for a 100 nm thick inverted device.

The exciton generation rate versus position in the active layer is shown in the inset in Figure 5.2a for
standard and inverted devices with a nominal active layer thickness of 100 nm. The main difference is
a shift of the generation profile towards the metal electrode enhancing the rate for excited state
formation near this electrode for the inverted cell geometry, partially due to the lower absorption
coefficient of silver as compared to aluminum. The overall maximum is only slightly enhanced when
changing to inverted devices.

It has been reported that introducing optical spacers between the active layer and the back electrode
in standard devices® or matching the refractive index n of the front-contact to ITO*? increases Jsc.
Systematical optical modeling studies (data not shown) for the inverted structure of our
PCPDTBT:PC;0BM blends reveal that decreasing the MoOs thickness actually increases Jsc meaning that
here, MoOs does primarily not function as an optical spacer, and that the inverted structure is already
well optimized with a thin MoOs film.*3 Increasing the MoOs thickness moves the maximum of the
generation profile even closer to the back contact, resulting in reduced total generation rate.

Furthermore, decreasing the refractive index of the TiO; layer in the simulation caused Jsc to increase.
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Figure 5.3 a) Measured Jsc from simulated AM 1.5G illumination at 100 mW/cm? corrected for
spectral mismatch, plotted together with Jsc under the assumption of a constant IQE of 68 % as
function of thickness, b) measured FF (left scale) and PCE (right scale), c) estimated IQE from the
comparison between measured and modeled photocurrent at short circuit and -1V.

Let us now compare different active layer thicknesses for both device architectures. Figure 5.3 shows
the resulting performance parameters for inverted and standard devices with active layer thicknesses
between 75 and 270 nm together with the modeled Jsc.

The Vocis almost independent of the layer thickness for both device architectures and not shown here.
However, the device performance declines with increasing thickness, and the effect is more
pronounced for the inverted structure. The decrease in PCE is in part due to a continuous decrease of
the FF with thickness as displayed by the good agreement in Figure 5.3b. The measured Jsc in
Figure 5.2a is fairly constant at 13 mA/cm? for standard devices while it decreases from 15 to
11 mA/cm? for inverted devices. Thus, the inverted device generates more Jsc in the range below
150 nm only.

Interestingly, the measured Jsc largely deviates from the prediction (using a thickness independent IQE
of 68 % in the simulation) especially for thicker layers when. The IQE used in the simulation is 3% lower
than the mean average value shown in Figure 5.2b. Note that the EQE was measured at low light
intensities well below the intensity of AM 1.5G illumination at 100 mW/cm?. It was reported for this
type of blend that the EQE is 2 % lower with one sun background illumination.?° The simulation predicts
the Jsc of the inverted device to be 9-15% higher than in the normal architecture for all thicknesses. In
contrast, the measured current of the inverted device is lower for thicker layers. This is related to a
strong continuous decrease of the IQE at short circuit conditions with increasing layer thickness, which
is more pronounced for the inverted structure as shown in Figure 5.3c.

In addition, IQEs calculated from the photocurrents at -1 V, as shown in Figure 5.3c, are well
comparable for both devices for a given thickness, meaning that the efficiency for converting an
absorbed photon into a free carrier is almost independent of device architecture. As the IQE is very
comparable at -1V and the absorption is higher for inverted devices, the photocurrent at high reverse
bias is improved when using the inverted structure for all layer thicknesses. Interestingly the IQE at -
1V is ca. 10% higher as compared to short circuit conditions for the normal device which will be
reconsidered in chapter 6.

Finally the poorer FF and Jsc of the inverted device should be addressed. Evidently, the lower FFs and

thus PCEs of the inverted devices analyzed here must be related to more pronounced non-geminate
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recombination losses. There are two possible explanations: First, the use of the solvent additive DIO
with different solubility for PCPDTBT and PC7;0BM* and long temporal evolution of the final blend
morphology'® may induce a polymer enriched layer on the bottom contact due to segregation. In
accordance with that, Agostellini et al. reported a pronounced vertical composition profile in
PCPDTBT:PCBM blends processed with the additive.>® For the normal device the hole selective contact
is at the bottom and the polymer enriched layer favors hole extraction. For the inverted device, this
would result in poor electron extraction and thus enhanced recombination at this electron selective
bottom contact. Also such segregation might hinder efficient collection of holes at the top contact in
the inverted device structures. It is important to note that inverted devices comprising
PCPDTBT:PC7BM layerss without using the processing additive DIO showed identical FFs for normal
and inverted device architectures. Also, results from unipolar currents of electron only devices (as
shown in Figure 5.4b) further strengthen this hypothesis. The current is strongly reduced when the top
contact is biased positively and electrons are injected from the bottom contact with the use of the
additive while extraction at the bottom contact is rather unaffected. This finding points to an electron
injection barrier at the bottom contact with the use of DIO.1%

Second, holes have been found to be the slower carriers in PCPDTBT:PC70BM blends.*® As shown in
Figure 5.4a, the generation profile seen from the hole-extracting contact is rather different for both
types of devices. In particular, the path length for hole extraction is remarkably higher in the inverted
device with a thick active layer compared the standard structure. It has been shown that these

different extraction pathways can impact the FF of the device.8
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Figure 5.4 (a) Simulated exciton generation profiles versus distance from the hole selective
contact for devices with an active layer thickness of 270 nm. (b) JV characteristic of electron only
devices with ITO/PEDOT:PSS/Al bottom contacts and Ca/Al top contacts.

The presented optical simulations nicely reveal that inverted solar cells based on PCPDTBT:PC70BM are
capable of delivering higher currents as compared to the normal devices. However, the maximum FFs
presented here were around 55% for thin active layers and continuously decreased with thickness even
for additive optimized fabrication conditions. Further work will, therefore, be devoted to the
understanding of geminate and non-geminate recombination losses in these PCPDTBT:PC7,BM blends

and this issue will be resumed in the following chapters.
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6 Charge Carrier Dynamics in Blends of
PCPDTBT/PC70BM: Influence of Solvent
Additives

Motivated by understanding the moderate fill factor in the PCPDTBT:PCBM system, this work showed
strong experimental proof for field-dependent charge generation. Additionally, the additive induced
change of the morphology and the underlying differences in generation and extraction have been

analyzed in detail with a TDCF setup tuned to 10 ns time resolution.

This chapter is based on:
S. Albrecht, W. Schindler, J. Kurpiers, J. Kniepert, J. C. Blakesley, I. Dumsch, S. Allard, K. Fostiropoulos,
U. Scherf, D. Neher, The Journal of Physical Chemistry Letters 2012, 3, 640.
DOI: 10.1021/jz3000849
The paper is reprinted with permission from American Chemical Society. Copyright, 2012 American

Chemical Society.
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In the previous chapter, the severe extraction losses especially for thicker active layers of additive
optimized PCPDTBT:PC;0BM blends were highlighted. Even for thin blend layers the FF remains below
55%. According to Table 1.1 in the introduction, no clear view on the physical processes leading to the
low FF can be drawn from numerous publications. Furthermore, Table 1.1 highlights that there is no
common agreement on the influence of the additive on the charge carrier dynamics. To study the
effect of the additive DIO on the charge carrier dynamics and to quantify the processes limiting the FF
in additive optimized PCPDTBT:PC70BM blends, we carefully analyzed the charge carrier dynamics of
both systems in this chapter.

First, the morphological change induced by the solvent additive DIO in PCPDTBT:PC7,BM blends was

187188 on thin blend films

studied with energy filtered transmission electron microscopy (EFTEM)
representative for solar cells as displayed in Figure 6.1. In EFTEM, plasmon mapping is used to realize
contrast between the fullerene rich and the polymer rich domains which have the maximum plasmon
absorption at different energies.’®” The images in Figure 6.1 show that the morphology without use of
DIO is characterized by a highly intermixed small scale phase separation. In contrast, blend layers
processed with 3vol% DIO reveal a higher contrast in the plasmon maps, indicating purer polymer and
fullerene phases, with an average domain size of 10-20 nm. This finding was recently described by in-

situ X-ray studies revealing that the solvent additive promotes the formation of polymer crystallites

during prolonged film drying.'®*
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Figure 6.1 (a) Plasmon maps based on energy filtered TEM images of 70 nm thick
PCPDTBT:PC70BM blends without and with 3vol% DIO as processing additive. The grey scale
corresponds to the maximum energy loss due to plasmon absorption and dark areas refer to
PC;0BM having its maximum energy loss at higher energies as compared to the polymer.1®

Figure 6.2a shows the solar cell characteristics measured under AM 1.5G illumination at 100 mW/cm?
and the corresponding dark currents for blends processed with and w/o DIO using the normal device
structure which is generally applied for studying fundamental processes in this work. For an active
layer thickness of around 100 nm, the performance is greatly enhanced with the additive due to higher
Jsc and FF. The solid blue line shows the difference between the JV characteristics under illumination
for both devices. The difference has a maximum at around 0.2 V and reaches zero at approximately -

3 V, meaning that the same photogenerated charge is collected at the electrodes for high internal

fields.
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6 Charge Carrier Dynamics in Blends of PCPDTBT/PC70BM

Figure 6.2b plots on the right scale the total charge Q;,;, deduced from the integral over the complete
phototransient measured with TDCF, as function of pre-bias for devices processed with and without
DIO. These measurements were performed with an excitation wavelength of identical absorption for
both blends at 500 nm using a very short time delay of 10 ns and a low pulse fluence to suppress non-
geminate recombination during delay. Thus, Q;, is a direct measure of free charge formation. In great
contrast to recent findings by Jamieson et al.,>? we find strong evidence for field dependent free charge
formation in both PCPDTBT:PC;,0BM blends with the field-dependence being stronger without the
additive. As a consequence, the efficiency for free carrier generation at short circuit conditions is
substantially larger with the additive, meaning that geminate recombination is stronger suppressed in

the DIO-processed blends.
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Figure 6.2 (a) JV characteristics of PCPDTBT:PC70BM blends measured under AM 1.5G illumination
at 100 mW/cm? together with the corresponding dark currents and the difference in the current
under illumination between the two blends. (b) Left scale: photocurrent, right scale: the total
amount of generated charge Q;,; measured at 0.2 pJ/cm and 10 ns delay time.

Interestingly, the field-dependence of the free charge generation efficiency expressed by Q;,: explains
well the course of the photocurrent characteristics for both blends at negative bias. At high reverse
bias, the free carrier generation efficiency becomes similar for both blends, which explains why both
photocurrent characteristics merge at negative voltages. Strong derivations between the generation
and the steady state current are, however, measured when the bias approaches open circuit
conditions, which is attributed to losses by non-geminate recombination (NGR). These derivations are
more pronounced and the onset of significant NGR losses becomes obvious at a more negative bias in
blends w/o DIO. Thus, NGR losses largely determine the photovoltaic properties of the blend w/o DIO
at solar cell working conditions.

To address the kinetics of non-geminate recombination, experiments with increasing delay time t,
between generation and collection of charge carriers were performed. Integration of the transients
during delay and during collection yielded the quantities Q¢ (ts) and Q1 (tq), respectively with
Qtot (ta) = Qpre(ta) + Qcou(ta)- Figure 6.3a exemplary shows the dependence of these quantities as
a function of delay time for blends processed without and with the additive and the pre-bias set to 0.3
V. The increase of Q. with t; is due to field-induced extraction of photogenerated carriers, leaving

less charge available when the collection bias is switched on. Clearly, extraction is more rapid in blends
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with DIO displayed by the faster rise of Q,., leaving fewer charge carriers in the device after a certain

delay to recombine.
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Figure 6.3 (a) Qpre, Qcou and Qo Measured at 0.5 pl/cm? and 0.3 V pre-bias as a function of
delay time normalized to the initially generated charges. The corresponding BMR fits are shown
as solid lines. (b) Left scale: bimolecular recombination (BMR) coefficient estimated from the BMR
fits. Right scale: Langevin reduction factor estimated from the measured field-dependence of
mobility and BMR coefficient.

For both blends, a decrease of the total extracted charge is seen already for short delay times of few
tens of nanoseconds, indicating fast NGR. Also, a weak decay of Q;,; with delay time is observed even
for V.. = 0 V (data not shown), meaning that losses due to free carrier recombination cannot be
neglected at short-circuit conditions. This is in accordance with the results by Li et al. providing
evidence that the photocurrent is hampered by extraction.!®

All data sets of Qpre(tq) and Qo1 () have been analyzed by the iterative scheme described chapter
3 to yield the kinetics of NGR. Interestingly, excellent fit to the data was possible when assuming
bimolecular recombination (BMR) with a quadratic dependence of recombination rate on charge
carrier density. The BMR coefficients ygmr extracted from these fits are plotted in Figure 6.3b
parameterized in the pre-bias. The values for both blends are similar, rather unaffected by the pulse
fluence, and more than one order of magnitude higher than BMR-coefficients measured with TDCF on
annealed P3HT:PCBM,*° meaning that NGR is very fast in the PCPDTBT:PC;0BM blend. The overall

S113191 3nd do not show

BMR-coefficients measured with TDCF compare very well to results from TA
the reported trend from transient photovoltage with 6 times higher BMR coefficients for blends with
the additive.*®

Notably, the BMR coefficient increases with pre-bias by a factor of three when approaching open
circuit conditions. As the BMR coefficient is linearly proportional to the drift mobility of electrons and
holes, we have determined its field-dependence by analyzing photo-CELIV and TDCF transients. The
effective field in the photo-CELIV experiments was varied by changing the slope of the voltage ramp.
Mobilities were determined by the analysis of the photo-CELIV transients according to equation
3.10.1%* For the TDCF measurements, the delay time was set to 100 ns and the collection voltage was

varied from 0.5 to 1.5 V. Mobility values have been derived from the initial slopes of the photocurrent

decays according to equation 3.9.
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Figure 6.4 a) Field-dependent mobilities measured via photo-CELIV and TDCF. The dashed lines
are guides to the eyes. The grey areas indicate the fields at Jsc and extraction at -3 V. b) Drift
diffusion fits to TDCF Transients for 4 different delay times. The fit parameters initially,
homogeneous created charges (Q initial) and BMR coefficient have been adopted from TDCF
measurements. The used zero field mobilities u(E=0) and the Poole Frenkel factor (PF factor) are
indicated by the crosses in a). An exponential mobility improved the fit to the initial slope of the
transients. The mobility decays from the start values pen (t=0) in 50 ns to the field determined
mobility. The built-in field (Vyi) is assumed to be flat at V.

It was recently shown that the electron mobility in PCPDTBT:PCBM blends is higher than the hole
mobility.*® Therefore, we assume that the mobilities shown in Figure 6.4a correspond to electron
mobilities. First, the mobility is seen to be three to four times higher with the additive pointing to the
more effective charge extraction when phases become more pure. This is in great contrast to the
additive-unaffected electron mobility derived from solar cell dark currents as reported by Moet et al.®
and compares well with bipolar field-effect transistor studies showing enhanced electron mobility with
additive as reported by Cho et al.>” Second, both blends show a strong negative dependence on electric

111192 3nd third, mobilities are not

field as characteristic for materials with high spatial disorder,
significantly altered when increasing the pulse fluence in photo-CELIV (data not shown).

Drift-diffusion simulations of entire TDCF transients were performed to verify the mobility values and
the negative field-dependence as recorded in our measurements. Exemplary fits are shown in
Figure 6.4b for devices with DIO and four different delay times. Values for the BMR coefficient and the
electron mobility at the corresponding fields were taken from Figure 6.3b and Figure 6.4a, respectively.
Best fits were obtained with hole mobilities that were 2-3 times smaller than the electron mobilities.
The fit to the initial rise and decay of the TDCF transients could be significantly improved by considering

1119 within the first 50 ns. The agreement between the

a modest exponential mobility relaxation
simulated and measured transients is very good, considering that the delay time was varied over a
wide range from 10 ns to 400 ns.

To verify if the negative field-dependence of electron and hole mobility is the main cause for the
increase in the BMR coefficient with decreasing internal field, the Langevin reduction factor {(F) =
Yu(F)/veur(F)  with  y, = e(pe(F) + un(F))/eo8r

recombination coefficient is calculated as function of bias. As shown in Figure 6.3b, the reduction

the Langevin-type three-dimensional
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factor {(F) changes only gradually with bias, meaning that the field-dependence of the BMR coefficient
is mainly caused by field-dependent mobilities. In the calculation, electron mobilities were taken from
Figure 6.4 a and b. Also important to note is, that {(F) is ca. 3 times lower for devices processed with
the additive, meaning that the formation of phase-separated domains of rather pure components
hinders bimolecular recombination.

To conclude, a field-dependent charge carrier generation mechanism was shown for the first time in
PCPDTBT:PC70BM blends with the field dependence being much stronger without the additive.
Interestingly, the BMR coefficient is not altered by the additive but the overall recombination
coefficient is rather high as compared to the P3HT:PCBM system. The additive speeds up the extraction
of charge carriers, which is rationalized by the three-fold increase in mobility when using DIO. All
together, the improvement in charge carrier generation and extraction is identified to cause the two-
fold increase in performance when using the additive. The pronounced field dependence of charge
generation and the high recombination coefficient limit the FF to moderate values of 55% in additive
optimized blends. The next chapter highlights how fluorination of the PCPDTBT copolymer can further
reduce losses from geminate and non-geminate recombination resulting in enhanced FFs and

efficiency.
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Charge Generation and Recombination
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At the Polydays conference 2010 in Berlin, together with Dr. habil. Silvia Janietz, the idea of a
fluorinated PCPDTBT polymer was born. At this time only few other fluorinated polymers were known
that showed improved open-circuit voltage and fill factors over the non-fluorinated polymer
analogues. This chapter presents a detailed study of the processes governing free charge generation

and recombination in efficient devices based on the fluorinated polymer F-PCPDTBT.

This chapter is based on:

S. Albrecht, S. Janietz, W. Schindler, J. Frisch, J. Kurpiers, J. Kniepert, S. Inal, P. Pingel, K.
Fostiropoulos, N. Koch, D. Neher, Journal of the American Chemical Society 2012, 134, 14932.
DOI: 10.1021/ja305039j
The paper is reprinted with permission from American Chemical Society. Copyright, 2012 American

Chemical Society.
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Incorporation of the strong electron-withdrawing fluorine atom into the conjugated backbone of DA
copolymers has become a strategy for increasing the PCE of polymer:fullerene BHJ solar cells. Often,
fluorination enhanced not only the Vo, but also Jsc, and FF, resulting in very efficient devices.>*® While
the enhancement in Voc is attributed to simultaneous lowering of HOMO and LUMO levels,3 the

enhancements in Jsc and FF are not conclusively described in the literature. Some fluorinated systems

showed improved FFs although the charge carrier mobility was lowered with fluorination.5%19

Here, we adopt this strategy for the DA copolymer PCPDTBT and present detailed studies on how the
fluorination affects the charge -carrier dynamics and nano-scale morphology within the
PCPDTBT:PC7BM system. To make a fair comparison, mono-fluorinated PCPDTBT (1F) was synthesized
and compared to the non-fluorinated copolymer PCPDTBT (OF) with similar average number molecular

weight of ca. 10 kDa and polydispersity of 2.1.
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Figure 7.1 (a) JV characteristics measured under AM 1.5G illumination at 100 mW/cm? (corrected
for spectral mismatch) for OF and 1F blends processed with different amount of DIO. The purple
line shows data for optimized 1F blends with 1:2.5 blend ratio and 90 nm active layer thickness.
The inset shows the performance data as average from 6 devices except for the optimized 1F
device. (b) The corresponding EQE spectra.

Figure 7.1a shows the solar cell characteristics measured under simulated AM 1.5G with 100 mW/cm?
processed with different amounts of DIO and the corresponding performance data. Values for OF based
blends are lower than compared to the data presented in the previous chapter achieved with higher
molecular weight OF, but compare well to efficiencies for blends with PCPDTBT of similar molecular
weight (My).1%> Upon fluorination Voc is increased by ~130 mV which corresponds well to the increase
in polymer |IE measured via ultraviolet photoemission spectroscopy, in both pristine and blend layers
(not shown here). Interestingly, the optimum amount of processing additive is reduced from 3 to 1%
whit fluorination. Importantly, also the Jsc of the additive-optimized blend based on 1F is significantly
higher. This higher current can be related to an enlarged EQE throughout the entire absorption range
as shown in Figure 7.1b. The mean EQE of the optimized 1F blend is 10% larger compared to that of
the optimized blend with OF of almost identical My, and still 5% larger than the mean EQE measured

on blends with higher M,,.%> In addition to a higher Jsc and EQE the fluorination increases the FF by
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almost 10% in additive optimized solar cells with the same My,. The FFs of the 1F based DIO processed
blends actually exceed the highest value (55 %) ever reported for high M,, PCPDTBT.3?

A further performance improvement of the 1F based blend was achieved by slightly decreasing the
active layer thickness® and by using a 1:2.5 (instead of 1:3) blend ratio and the use of higher My
fraction with M,=25 kDa instead of 10 kDa. With this optimization PCEs of 6.6% are achieved
highlighting that 1F outperforms high M,, PCPDTBT3%#¢ and Si-PCPDTBT.3°
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Figure 7.2 (a) Absorption spectra of pure polymer solutions at 25 and 75°C together with
absorption of pure polymer films. Arrows indicate the onsets of absorption. (b) Absorption of 100
nm thick OF based blend films (c) Absorption of 100 nm thick 1F blends.

Absorption spectra of polymer solutions, polymer films, and blend films with a thickness of 100 nm
processed with different amounts of DIO are displayed in Figure 7.2. Comparing the pure polymer
absorption in thin films and in solution in Figure 7.2a, the fluorinated polymer shows higher absorption
strength as well as the higher tendency to aggregate as seen by the more pronounced shoulder at 800
nm in the room temperature spectrum. Higher absorption coefficients of fluorinated donor acceptor
(DA) copolymers in solution or solid state have been shown by others.>®1%® Note that optical
simulations revealed that the higher absorption coefficients of the fluorinated blends raises the
fraction of photons absorbed in the active layer only slightly, meaning that fluorination must increase
the IQE. Also, the optical band-gap of the solid pristine polymers (as indicated by the arrows in Figure
7.2a) is almost unchanged upon fluorination which agrees well to reports of other fluorinated
copolymers.>®

As nicely shown in Figure 7.2b, adding DIO to the OF blend continuously increases the strength of the
low energy polymer absorption centered in between 750 and 790 nm, which is explained by a higher
degree of intra- and interchain ordering.?®” These effects are more pronounced for 1F based blends as
seen in Figure 7.2c and indicate the high tendency of the fluorinated polymer chains to aggregate even
in presence of PC;0BM which causes the optimum amount of DIO to be reduced to 1% in solar cells.
To analyze the effect of fluorination on the morphology of blend layers with PC70BM, plasmon maps
based on EFTEM were analyzed and the resulting images are summarized in Figure 7.3. For both
polymers, the images show that the phase separation coarsens with increasing amount of DIO, which

is in agreement with results presented in the previous chapter.
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Figure 7.3 Plasmon mapping based on energy filtered TEM in films made from OF and 1F based
blends processed with different concentrations of DIO. The scale bar is the energy of maximum
plasmon absorption, where dark areas refer to PC;0BM rich phases. The insets show the histogram

of the plasmon maps on a relative energy scale and the mean area of polymer and PCBM rich
domains.

To quantify the structural heterogeneity of the blends, the plasmon maps have been analyzed with
regard to the mean areas of domains that are rich in polymer or PCBM. The average domain size was
determined by setting a threshold to the center of the energy scale shown in Figure 7.3. Then all data
points with energy below (or above) this threshold were identified to be polymer (or fullerene) rich
phases and then the domain size was calculated by the overall domain size divided by their number.
These values are plotted in the inset in Figure 7.3. The domain areas have been deduced from TEM
images which constitute 2D projections of the true 3D bulk morphology. Therefore, this analysis may
underestimate the true domain area. In fact, PCPDTBT crystal sizes larger than 10 nm have been
reported in DIO-processed OF blends.'®® The histograms of the TEM images shows the pixel counts of
the plasmon maps on a relative energy scale with the most left part being (almost) pure PCBM phases.
The data in Figure 7.3 proof consistently that fluorination enforces the formation of more extended
and more pure polymer-rich phases. Noticeably, only 1% of DIO needs to be added to the 1F-based
blend to induce a polymer-rich domain area as large as that in the optimized OF blend processed with
3% DIO. Fluorination also affects the size and purity of the fullerene-rich domains, though this effect
becomes less pronounced with increasing DIO concentration. Mean areas of the polymer and
fullerene-rich domains are largest for the 1F blend processed with 3 % DIO. It has been pointed out by
Son et al.’® that fluorination of the donor polymer introduces fluorophobility for PCBM, enforcing
phase separation which was also reported for blends of other fluorinated DA copolymers with

PCBM. 60200
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Figure 7.4 (a) Q¢ as function of pre-bias. Values have been smoothened and normalized to a bias
of -2.3 V. The inset shows the rare, non-normalized data. (b) Comparison of the mean polymer
domain size presented in Figure 7.3 (left scale) with the relative generation efficiency at open
circuit conditions (right scale), being defined as the ratio of generated charges at open circuit
compared to -2.3 V.

To shed some light on the fundamental processes that cause the observed increase in Jsc and FF upon
fluorination, the free-carrier formation and recombination using TDCF measurements is analyzed.
Figure 7.4a shows Q.. versus pre-bias for a short delay time of 10 ns. By normalizing the generated
charge to the respective value at the highest reverse bias of -2.3 V, the field-dependence of free charge
carrier generation can be compared for different blends.

For OF blends processed w/o DIO, the efficiency for free carrier generation at open circuit conditions
relative to the efficiency at -2.3 V, Pqc, is only 53%, suggesting efficient geminate recombination.
Processing the OF based blend with 3% DIO increases Poc to 72% implying a geminate loss of about
30%. These numbers compare very well to geminate losses at zero bias determined by TAS. Laquai and
coworkers determined the total loss due to geminate recombination to about 50% in samples prepared
without ODT and 30% in samples prepared with ODT,13

Importantly, the field-dependence of free charge generation becomes considerable weaker upon
fluorination. Also, processing with DIO weakens the field-dependence for 1F based blends. The good
correlation between Poc and the mean polymer domain area in Figure 7.4b and the distinct changes of
the optical absorption properties of the blends upon processing with DIO and/or fluorination suggest
that a weaker field-dependence of free carrier generation is caused by the formation of larger and
purer domains with better interchain order. Noticeably, 1F blends with 3% DIO characterized by rather
pure polymer domains with the maximum domain size in lateral dimension show only 5% loss of the
efficiency for free charge carrier formation when approaching Voc compared to high reverse bias.

The inset of Figure 7.4a displays the non-normalized Q¢ With excitation at a wavelength of 500 nm
where all studied blend layers exhibit nearly the same absorption. Apparently, fluorinated blends with
DIO generate ca. 20% more free charges than their non-fluorinated counterparts, meaning that either
exciton migration to the bulk heterojunction and/or free carrier formation in competition to geminate

recombination must be more efficient in 1F blends. A similar enhancement is seen for the two blends
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processed w/o DIO. The DA components are well intermixed in these blends, thus the fluorination
most likely promotes free carrier formation via more efficient dissociation of bound polaron pairs.
Although 1F based blends with 3% DIO displays the weakest field-dependence of free carrier
formation, this blend shows an overall low efficiency for free carrier generation at 500 nm. This can be
attributed to the presence of large and rather pure domains, implying a low probability for excitons
generated on either the polymer or the PC;0BM to reach the heterojunction.

a 030 P

31— T T T T T T T 0.30
84 OFO -=--0% o o ---0%

- ° 3% 1025 5 = 1F x - 1% 10.25 5
E 74 g E ° 3% ° g
~ 1020 &L =~ 10.20 &
e s 2 | - S
= J S ol Tl 1 B
= 0.15_3 52 - o 015_3
° c 2 Ty iz
5 1010 ¢ %5 =~ 10.10 ¢
S = Q N =
o [0) © @ o o N [0)
o 1005 2 x R SN © 2N ] 10.05 2
= T = \g‘% 5 ©
m - @ |8 AV -

24— T T T T T T 0.00 14— T T T T T T T 0.00

00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07 08
Pre-Bias [V] Pre-Bias [V]

Figure 7.5 Left scale: The BMR coefficient as a function of pre-bias deduced from BMR-fits. Right
scale: The Langevin reduction factor obtained from the field-dependence of mobility and the BMR
coefficient.
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Figure 7.6 (a) Field-dependent mobilities measured with photo-CELIV and TDCF. The lines are
guides to the eyes for the additive optimized blends. (b) Comparison of the inverse mean polymer
domain area (left scale) deduced from plasmon maps with the Langevin reduction factor near
open circuit (right scale) as shown in Figure 7.5.

To assess the kinetics of NGR, TDCF measurements with variable delay time between the laser pulse
and the collection bias are performed. Figure 7.5 shows the BMR coefficient resulting from the BMR
fits for all blends and different pre-bias settings on the left scale. For all blends reasonable good fits
are obtained pointing to the fact that NGR is dominated by bimolecular recombination. Noticeably,
fluorination consequently reduces the BMR coefficient by a factor of 2-3 for all blends. As reported in
the previous chapter, the BMR coefficient increases with decreasing internal field which we, again,
relate to the negative field-dependence of the charge carrier mobility.

Figure 7.6a displays mobilities deduced from photo-CELIV and TDCF for OF and 1F blends with different

DIO concentrations. It was reported earlier that electrons are the faster charge carriers in
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PCPDTBT:PCBM blends.* Therefore, the mobility determined by photo-CELIV and TDCF can be
attributed to the electrons. The processing additive increases the electron mobility by a factor of 3-4
for OF blends, which is in accordance with measurements in the previous chapter.

Figure 7.5 plots the Langevin reduction factor parametric in the electric field for all blends studied. In
the calculation, it is again assumed that holes are 2 times slower than electrons. With that, the
reduction factor is nearly independent of the internal electric field (except for the 1F blend w/o DIO),
meaning that the negative field-dependence of the BMR coefficient reported above is again caused by
a decrease of carrier mobility with increasing field. Additionally, a lower reduction factor is observed
for fluorinated blends, and is further lowered upon processing with the additive.

Figure 7.6b plots the Langevin reduction factor near open circuit for the different blends together with
the inverse of the average polymer domain area. Clearly, fluorination reduces the rate at which free
carriers recombine. The apparent anti-correlation between the polymer domain size and the reduction
factor suggests that this reduction is related to the presence of larger und purer domains in 1F blends.
For example the reduction factor of the 1F based blend processed with 3% DIO, which has the largest
mean area of the polymer-rich domains, is only 0.03, meaning that NGR in this blend is significantly
suppressed compared to the Langevin limit.

This chapter highlights how fluorination of PCPDTBT improves the solar cell performance by enhancing
the Vo, Jsc, and FF simultaneously. With fluorination the polymer-rich phases become larger, more
pure, and more crystalline. That enables significant enhancements in the efficiency of free charge
formation as well as in the suppression of bimolecular recombination. However, the absolute value of
the mobility is lowered with fluorination making charge extraction more inefficient. This
counterbalances the reduced BMR coefficient. Thus, the FF of optimized 1F blends is limited to 60%.
Significantly higher FFs can in principle be achieved when enhancing the charge extraction for
fluorinated blends. The next chapter will further quantify the impact of the charge extraction efficiency

on the fundamental device performance.
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8 Quantifying Charge Extraction in Organic Solar
Cells: The Case of Fluorinated PCPDTBT

Motivated by the interest to find an explanation for the moderate change in fill factor in PCPDTBT and
its mono and di-fluorinated derivatives, a novel methodology is developed that quantifies charge
extraction in organic solar cells. This quantification is based on the measurement of the steady state
carrier density and the determination of the gradient of the quasi-Fermi level under different
illumination and bias conditions. With that methodology the effective extraction mobility for relevant

solar cell working conditions can be determined.

This chapter is based on:
S. Albrecht, J.R Tumbleston, S. Janietz, |. Dumsch, S. Allard, u. Scherf, H. Ade, D. Neher, The Journal of
Physical Chemistry Letters 2014, 5, 1131.
DOI: 10.1021/jz500457b
The paper is reprinted with permission from American Chemical Society. Copyright, 2014 American

Chemical Society.
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8 Quantifying Charge Extraction

The development of more efficient materials with reduced optical band-gaps steadily increases the Jsc
and thus the amount of generated charges within the most efficient organic BHJ solar cells.?! As
discussed before, also thicker active layers well above 200 nm would benefit from increased short
circuit currents by enhanced absorption in the active layer. Furthermore, the viable commercialization
of organic BHJ solar cells profits from thicker active layers due to practical issues such as process

control.®

Therefore, charge extraction is a critical issue when more charges need to be extracted from
thicker active layers in organic materials in which the mobility is a limiting factor. To further develop
materials with enhanced extraction efficiency, a novel technique to determine and understand the
charge carrier extraction efficiency directly applicable to solar cell working conditions is necessary.

Numerous techniques were developed that enable the determination of the mobility, each addressing
free carrier motion under different method-specific conditions. Techniques such as ToF, CELIV, open

),2°2 and FETs have been introduced to record the

circuit corrected charge carrier extraction (OTRACE
motion of photogenerated charges. However, these techniques are limited by certain restrictions. ToF
requires very thick active layers in the range of micrometers. CELIV, OTRACE, and also TDCF are mostly
sensitive to the faster type of carrier only.?%218 Also, as they measure mobilities under reverse bias
conditions, the results might be less useful to characterize carrier motion under solar cell working
conditions. FETs can selectively determine electron or hole mobilities, but charge motion is measured
across the um length scale in-plane of the device and at high charge carrier densities. Therefore FET
results often differ significantly from measurements of vertical charge transport at the 100 nm length
scale and at lower carrier densities.?®

Electron and hole mobilities in the vertical direction are often determined by analyzing space charge
limited currents (SCLC) in single carrier devices, but this method has several drawbacks. First, different
electrodes have to be used to guarantee the selective injection of only one type of carrier. Second, the
unambiguous determination of the mobilities requires measurements on different layer thicknesses.'®
Both the variation of the electrode configuration and the active layer thickness was shown to affect
the blend morphology.?*#2% Also, as pointed out earlier, charge carrier densities in the SCLC regime
might be larger than at one sun illumination and at a bias smaller than Voc.2%

Another strategy for determination of mobilities is the methodology of charge extraction (CE) which
was introduced by Shuttle and coworkers.?” In CE, the device is held at a certain pre-bias under
constant illumination. When the light is switched off, the sample is short-circuited and the integral
over the resulting current transient is equal to charge in the device. This method can quantify the
mobility of charges in a solar cell under steady state illumination conditions at low internal fields via
the comparison of the current density ] flowing out of the device with the steady state carrier density
n measured by CE. If the current density J(V) at a given bias V is caused by the drift of only one type
of carrier (e.g. electrons) with a homogenous density n(V), the mobility i can be calculated with e

being the elementary charge and E the electrical field across the sample given by E = (V,; — V)/d, in
which Vy; is the flat band potential and d the layer thickness:
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8 Quantifying Charge Extraction

_ ™
R, V) = 2 O (8.1)

[.135208 55 far make use of the CE method to determine

The reports published by Durrant and Deibel et a
mobilities with some drawbacks: First, the charge is extracted at the low field corresponding to short
circuit conditions. Kniepert et al. have previously shown that such low fields may be too small to extract
all charge from the device.?”® Second, the correct determination of the internal electrical field E is not
straight forward, as it requires knowledge on the flat band potential. Third, equation 8.1 does not

account for charge diffusion which might be dominant close to Voc.
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Figure 8.1: Energy level diagram with (a) conditions at open circuit, and (b) conditions at voltages
smaller than open circuit, e.g. the maximum power point.

Here a novel approach is presented that determines the mobility via the precise measurement of the
steady state charge carrier density with bias amplified charge extraction (BACE) and the proper
estimate of the gradient of the quasi-Fermi levels driving the current. The total current J;,; by drift and
diffusion of electrons and holes was introduced in chapter 2 being determined by V Er , (V Ef ), the
gradient of the electron (hole) quasi-Fermi levels.’*” At open circuit conditions, the net-current is zero
andthusV Er .,V Ep, = O asis displayed in Figure 8.1a. As shown in chapter 2, a specific dependence
of the quasi-Fermi-level splitting to the respective carrier density can be derived.'3%16!

When the external bias V is lower than Vg, e.g. around the maximum power point (MPP), charges are
extracted to the contacts by drift and/or diffusion, driven by a gradient of the respective quasi-Fermi
level. This situation is described in Figure 8.1b. If we assume that the gradient is constant throughout
the bulk of the device and identical for electrons and holes V Ep , = V Ep, = V Ef, as it has been

shown by recent device simulations,?'%?!! the following simple relation can be derived
el = EF,e - EF,h —d- VEqF- (82)

Presuming that the device under steady-state illumination is at near thermal equilibrium also for non-
zero currents, the carrier density in the bulk obeys the Fermi-Dirac statistics and the product of
electron and hole density is again determined by the quasi-Fermi level splitting. Now, it is considered
that the same carrier density n with n, = n;, is established in two ways: either by illumination at
intensity /1 and Voc conditions, where the net-current density is zero, or by keeping the device at a
lower bias than Vo, but at higher illumination intensity /,, with a measurable net-current. Because of
equal carrier densities, the quasi-Fermi level splitting in the bulk is the same in both cases and equal

to e-Voc (11) leading to:
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VEqe(n,V) = electll () (8.3)

From this, the effective extraction mobility can be determined via:

4 V)d
un, V) = 5ot o (8.4)

2n(V)VEgr(nV)  2en(V)-(V-Voc)

The factor “2” in the dominator of the equation 8.4 is needed because electrons and holes contribute
both and equally to the steady state current of an illuminated solar cell. Finally, pq¢r is approximately

related to the mobilities of electrons and holes via the following relation:

_ 2Ueln
Hefr = mepn (8.5)

Compared to earlier work, the approach presented here has several advantages. First, current and
carrier densities are compared at the same internal field (bias). Second, it does not rely on any
assumption about the field-dependence of charge generation. Third, precise knowledge about the flat
band potential is not necessary. Also, contributions from drift and diffusion are automatically included.
Most importantly, as electrons and holes contribute equally to J at steady state conditions, this
approach measures the combined motion of both types of carriers. This makes it a suitable approach
to quantify the extraction of photogenerated charge in competition to non-geminate recombination
in solar cells under working conditions.

In the previous chapter, the enhanced generation efficiency and reduced BMR recombination was
shown for 1F as compared to OF based blends. Here the charge extraction is quantified in OF, 1F, and
2F based blends with the introduced method to globally understand the competition between

enhanced generation, reduced non-geminate recombination and lower charge carrier mobility.
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Figure 8.2: left scale: JV characteristics measured under AM 1.5G illumination with 100 m/cm? for
additive optimized champion cells of OF, 1F, and 2F blends. Right scale: the field-dependence of
charge generation normalized to high fields for 2F blends. The dark and light colored areas
highlight the loss due to the field-dependence of charge generation and NGR, respectively for 2F
blends. The blue arrow indicates the current loss due to NGR at the maximum power point.

The JV characteristics of the additive optimized OF, 1F, and 2F blends are displayed in Figure 8.2. As

shown before, the mono-fluorination lowers the polymer HOMO level, resulting in an enhanced Voc.
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Also the field-dependence of generation described by the property Gen being the generated charges
at open circuit relative to higher reverse fields and the BMR coefficient are reduced upon mono-
fluorination, resulting in power conversion efficiencies above 6%.

For the 2F derivate this characteristic trend continues: 2F blends show a high Voc of 850 mV, related
to a further down-shift of the HOMO.* Importantly, 2F blends also show the weakest field-
dependence of charge generation and the smallest BMR coefficient. Both effects can be explained by
the morphology changes induced upon fluorination as seen in resonant X-ray scattering (R-SoXS)
measurements presented in Figure 8.3.2*2 For all polymers, the additive DIO increases the total
scattering intensity, pointing to higher composition variations (i.e. purity) of the individual phases.*3
On the other hand, for a given additive concentration, fluorination leads to more pure phases, with
the highest purity seen in the 2F based blend with 3 % DIO.

Interestingly, despite a significant reduction of the generation losses and of the BMR coefficient with
fluorination, the FF of the 1F blend is only slightly larger than of the non-fluorinated system and it even
decreases for 2F. This can be related to increased non-geminate recombination losses, which is
4.45mA/cm? at maximum power point (MPP) for 2F blends, as indicated by the arrow in Figure 8.2.
Thus, approximately one third of the generation current is lost due to NGR at MPP for 2F blends,

despite a low BMR coefficient.
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Figure 8.3: (a) Resonant soft X-ray scattering (R-SoXS) measured at 281.1 eV for OF, 1F and 2F
samples each with 0%, 1%, and 3% DIO. (b) The relative composition variations (i.e.purity)
extracted from R-SoXS normalized to the most pure device which is 2F with 3% DIO.

To understand this phenomenon, the effective extraction mobility is determined with the BACE
technique. Figure 8.4 displays n(Voc), the carrier density measured at Voc for different illumination
intensities, for the additive optimized 1F blend. As expected and shown before, 3> n(Voc) follows an
exponential dependence on Voc. Also shown are carrier densities n(V) measured at a constant
illumination intensity but with decreasing bias. Three intensity levels were chosen to give a Jsc of 7, 14,
and 25 mA/cm?. By definition, n(V) measured for a given illumination intensity intersects with n(Voc)

at the respective Voc, and this point is at a higher bias for more intense illumination. The data also
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show that when the bias becomes smaller than Vo, the carrier density decreases continuously due to
more rapid extraction. The gradient of the quasi-Fermi level driving this current for any arbitrary bias
and illumination conditions is now determined by simply considering the difference V(n)-Voc(n) at the
respective carrier density n, following equation 8.3. This is exemplified by the horizontal arrow in
Figure 8.4. Combined with the steady state current density (vertical arrow) measured for identical
illumination conditions using the same laser diode operating at the same intensity in continuous wave,

the effective extraction mobility can be calculated with equation 8.4.
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Figure 8.4: (a) Steady state charge carrier density for 1F devices measured with BACE at the
respective Voc for different illumination intensities and for variable bias and constant illumination
conditions generating short circuit currents of 25, 14, and 7 mA/cm?. The corresponding JV curves
are plotted on the right axis. (b) Effective extraction mobility determined from the steady state
densities as presented in (a), electron mobility u. from TDCF, hole mobility u, from SCLC
measurements, and the effective mobility ues according to equation 8.4 estimated from the pe.
and u. Solid lines are guide to the eyes.

The results of this analysis are shown in Figure 8.4b. Near short circuit, the effective mobility is around
2:10% cm?/Vs, ca. 1.5 times smaller than the mobility of the faster carriers (electrons) as reported in
the previous chapter. It is also a factor ca. 1.5 higher than the hole mobility extracted from holy only
devices. The effective mobility according to equation 8.5, determined from hole and electron mobility
measurements, nicely fits to the effective extraction mobility estimated from BACE. We also observe
a continuous increase of the effective mobility with decreasing field, confirming the previous findings
of a negative field-dependence of mobility in full accordance with theoretical predictions.’® The fact
that mobilities for three different illumination intensities are comparable proofs the consistency of
new approach presented here. It also shows again that the explicit dependence of mobility on carrier
density is weak.

Figure 8.5a compares the carrier density n(Voc) measured under open circuit conditions for the three
different blends. Increasing the number of fluorine atoms causes a significant shift of the n(Voc) curve
to higher biases, which is mainly caused by the lowering of the polymer HOMO. Also shown are the
steady state carrier densities n(V), with the intensity adjusted to give a Jsc of 14 mA/cm? for each blend.
This Figure reveals some important differences. First, though the charge extracted from OF and 1F

blends is quite comparable in the measured bias range, the n(V) of the 1F blend decays more slowly
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8 Quantifying Charge Extraction

with decreasing bias. In other words a larger gradient of the quasi-Fermi level is necessary to extract
the carriers in the 1F blend. This is expressed by a slightly lower mobility as shown in Figure 8.5b. More
importantly, n(V) of the 2F-based blend is larger and it decays even more slowly with decreasing bias
over the entire range. Indeed, the effective extraction mobility according to equation 8.4 is fairly low

for this blend, below 2:10% cm?/Vs.
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Figure 8.5: (a) Steady state charge carrier density as function of bias measured with BACE at the
respective Voc and illumination conditions resulting in Jsc=14 mA/cm?. (b) Extraction mobility as
function of bias estimated from BACE data as shown in (a). All lines are guide to the eyes.

With the knowledge about the effective extraction mobility, we are able to understand the trend in FF
upon fluorination. The FF results from the specific interplay between field-dependence of generation,
extraction and NGR. Fluorination improves charge generation, thereby reducing its field-dependence.
In addition a sevenfold reduction in BMR coefficient is measured in between OF and 2F blends. The
enhanced generation and reduced NGR is counterbalanced by a significant lowering of the mobility
upon fluorination. For 1F blends, this effect of reduced mobility on the JV characteristics is still quite
weak, rendering the 1F based blend the one with the highest FF close to 60%. The lower extraction
becomes important for 2F blends. The high carrier density remaining in the device under steady state
enhances NGR losses, although this blend shows the smallest BMR coefficient. At a density n of ca.
1.5-10%2 m and a BMR coefficient y of 1.2:10"Y m3-s°?, the recombination current at MPP according to
Jrec = yedn? is 4.3 mA/cm?. This is in very good agreement with the current loss determined from the
comparison of the current density (4.45 mA/cm?) and the field-dependent generation measured via
TDCF at the MPP (as shown by the arrow in Figure 8.2).

Thus, if the effective mobility in the 2F based blend could be increased, it would achieve superior
performance over the 1F and OF polymers in blends with PCBM. Most likely, the effective mobility in
2F based blends is strongly limited by the hole mobility. We further investigated the impact of the hole
mobility influencing the effective mobility and with that the FF on thick active layers made from
polymer:PCBM blends with the presented method. By changing the amount of fluorination utilizing
random copolymerization with PBnDT-HTAZ and PBnDT-FTAZ monomers, the effective mobility was
continuously altered with fluorination.?!® With these results, quantification of the effective mobility
with regard to high FFs is possible. In 2F based blends the effective mobility needs to be enhanced by
a factor of 20 to increase the FF from 54 to over 70% at thick active layers above 300 nm when the

BMR coefficient is not altered and the small field dependence neglected.
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9 On the Efficiency of Charge Transfer State Splitting

The reasons for highly efficient charge generation despite the existence of Coulombically bound
geminate pairs in organic polymer:fullerene solar cells is subject of ongoing debate. Correlations have
been found between the free carrier generation yield and the energy difference AEggf = Eg; — Ecs.
Here, Eg, is the lowest singlet state on either the D or the A and the energy of the fully separated
charge pair E¢s is given by the difference between the electron affinity of the A and the IE of the D.
This energy difference is often referred to as driving force for charge generation and values larger than
several 100 meV were proposed to be required for high performance systems.®>!1? Interestingly, this
view is not applicable to the fluorinated PCPDTBT polymers discussed in the last chapters. Mono-

fluorination lowered the polymer HOMO and thus increased E.s, while Egiremained constant. If

charge carrier generation would be determined by the driving force AEggf, then fluorination would
decrease the charge generation efficiency which is clearly not the case.

Furthermore, as introduced in chapter 2, the relevance of hot charge carrier generation in a working
device is subject of controversy in the literature.5*®® In this mechanism, the energy delivered to the
system upon singlet exciton formation is partially used to form electronically and/or vibrationally
excited CT states, which then possess a sufficient kinetic energy to overcome the Coulomb barrier. On
the other hand, it is less clear whether charge generation in a working solar cell proceeds via such
excited CT states as properly measured IQEs are independent of excitation energy on a broad energetic
range.®® Thus, pathways comprising thermalized CT states can be of equal importance.

To answer this question a comprehensive study of free carrier generation in BHJ systems with carefully
tuned energetics is conducted in this chapter. First, the excitation energy dependence of the free
charge formation is considered. Two different polymer:PCcBM model systems namely MEH-
PPV:PC¢oBM and PBDTTPD:PC¢BM are studied. MEH-PPV used as donor is characterized by a relatively
inefficient and field-dependent charge carrier generation mechanism. In contrast, PBDTTPD shows

efficient and field-independent charge carrier generation.
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Figure 9.1 (a) JV characteristics under AM 1.5G illumination with 100 mW/cm? and the normalized
total charge obtained from various excitation energies for MEH-PPV:PCBM blends. The inset
shows the corresponding EQE (on log scale) with the wavelengths of excitation used for the
measurement of the total charge and the energy of the CT state E.r. (b) The similar set of data
for PBDTTPD:PCBM devices.
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9 On the Efficiency of Charge Transfer State Splitting

Figure 9.1 shows JV curves under AM 1.5G illumination with 100 mW/cm? and the dark current of
photovoltaic devices prepared with these blends. The devices have PCEs of 1.3% and 7%, for MEH-PPV
and PBDTTPD donors, respectively. The field-dependence of the charge carrier generation mechanism
is investigated with TDCF experiments for different excitation energies. The laser fluence is varied
according to the absorption to generate comparable amounts of free charges at every photon energy.
The normalized charge as function of pre-bias and excitation energy is shown on the right axes,
allowing comparison with the photocurrent. For the MEH-PPV device, the dependence of the
photocurrent on voltage tracks the dependence of the charge carrier generation yield, indicating that
its performance is limited by its strongly field-dependent charge carrier generation mechanism,
consistent with previous reports on PPV devices.?!* In contrast, for the PBDTTPD device, the yield is
field independent, and reaches almost unity (see Figure 9.2b). On varying the excitation photon
energy, the excitation of the D, the A, and the CT state manifold can be selectively addressed.
Importantly, virtually no difference in the field-dependence of charge carrier generation is observed
when exciting either the D the A or the CT state manifold. This is valid, irrespective of whether the
charge generation mechanism is intrinsically field dependent as for MEH-PPV or field independent as
for PBDTTPD donors. This important finding highlights that the energy gain upon singlet exciton

dissociation has only a minor effect on the yield of the CT state split-up into free charge carriers.
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Figure 9.2 (a) Energy potential diagram of the ground state (GS) and the CT manifold with the
relaxed CT state (CT1), the reorganization energy A and the vibronically excited ground state GSp,.
(b) Measured electroluminescence (EL) and EQE spectra, with absorption measured by PDS in
combination with transmission and reflection, as well as the absorption calculated from the EL
emission together with the corresponding IQEs for PBDTTPD:PCBM devices.

The energy potential diagram of the electronic ground state (GS) and CT state is shown in Figure 9.2a.
It is obvious that a direct CT; excitation from the GS is must be very inefficient according to the Franck-
Condon principle. The excitation with energy Ecr will lead to a vibrationally excited state of energy
Ecri+A4, with A being the reorganization energy with typical values of 0.2 eV. Direct CT; excitation is
hampered by the low probability of thermal population of the vibronically excited ground state GSn,
which is necessary for the adiabatic optical transition to the CT; state. The emission, however, starts
from the fully relaxed CT; state leading to GSn. Thus, the maximum of the electroluminescence (EL)

spectra is red-shifted as compared to the CT EQE which is displayed in Figure 9.2b. In order to detect
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9 On the Efficiency of Charge Transfer State Splitting

the quantum vyield of the fully reorganized, relaxed and emissive CT; state, without being able to
measure the absorption at energies of CT; emission, another approach can be followed. Under the
assumption that the EL starts from the fully relaxed CT; state and that all involved states are in thermal
equilibrium, the EL spectrum of the solar cell equals the thermal radiation described by Planck’s law
yielding a direct correlation between photon absorption and emission at energy E. With Boltzmann
approximation for the band occupation, the absorption of photons A(E) correlates to the emitted
photon flux N (E) according to:**’

A(E)~ (N(E)/E?) - e E/KD), (9.1)
Thus, the well detectable EL spectrum can be used to determine the optical absorption strength at all
energies of CT emission. In combination with sensitive measurements of the EQE in the same spectral
region, the IQE for direct CT; excitation can be determined. This analysis proved that the IQE is
independent of excitation energy down to the energy of CT; emission. This is exemplarily shown for
PBDTTPD:PCBM devices in Figure 9.2b. The very same conclusion was drawn from studies of MEH-
PPV:PCBM and other BHJ systems. Thus, the general conclusion is that under working conditions, the

split-up of CT states proceeds via the thermalized CT; state.
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Figure 9.3 (a) Energy diagram for different Si-PCPDTBT:fullerene blends with blend main
absorption, CT state manifolds, position of the charge separated (CS) states, and e:Voc. Two
different generation routes are indicated for the ICTA blend. Route 2: The donor excitation Ep+
leads to separated charges via excited CT states. Route 1: Ep+ excitation thermalizes in the CT
manifold and then gets separated. (b) Steady state JV curves under AM 1.5G illumination with
100 mW/cm? (left scale) and Q.o excited at 650 nm (right scale). The light and dark coloured
areas show losses from NGR and field-dependent generation, respectively for Si-PCPDTBT:ICBA.

However, it was proposed that the excitation energy dependence of charge generation depends on
whether the blends exhibit a small or a large driving force (in the above definition). Dimitrov and
coworkers showed that for systems possessing a very small driving force, a higher photon energy of
~0.2eV above the optical band gap can effectively enhance the charge generation, correlated with a
decrease in the yield of charge generation via relaxed CT state excitations.®

In order to further study the details of how the driving force in the above definition impacts the charge
generation with respect to excitation energy, different fullerene derivatives, PCBM, ICMA, ICBA, and
ICTA, having different LUMO energies are used with the silicon bridged derivative Si-PCPDTBT. This
polymer is used as it can be processed without the use of an additive to give reproducible and high

efficiencies. Figure 9.3a displays the blend film absorption spectra together with the CT state manifold,
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9 On the Efficiency of Charge Transfer State Splitting

with the position of the lowest bar indicating E.r. Figure 9.2 also includes estimates for E.g using
values for the polymer HOMO and the fullerene LUMOs measured with CV in solution. These values
are in good agreement to those given in the literature.?>%1® A continuous increase of the CT energy
with increasing fullerene LUMO value is shown as expected. An exception is the case of Si-PCPDTBT
blended with ICTA, where the CS state approaches the energy of the excited donor, Eg;, and the CT
state and polymer singlet exciton state are in resonance, resulting in an E.r limited by the optical
band-gap of the Si-PCPDTBT.

In Figure 9.3b the corresponding JV curves under AM 1.5G solar illumination are presented for Si-
PCPDTBT:fullerene blends. The highest performance was obtained for Si-PCPDTBT:PCBM blends (see
Table 9.1). The use of ICMA, ICBA and ICTA as acceptors increased Voc, but lowered FF and Jsc. To
designate the main cause of the decreased FF and Jsc in multi-adduct fullerene blends as either being
field-dependent free carrier generation or enhanced NGR, TDCF experiments are performed. The
excitation wavelength of 650 nm has been chosen, which excites mainly the S; state of the Si-PCPDTBT
polymer.®® All blends exhibit almost similar absorption at this wavelength. Comparison of Q. with the
JV curves indicates that the reduction in current and FF when using higher adduct fullerenes is primarily
due to a reduced yield and increasing field-dependence of free charge carrier generation. Noticeably,
our experiments did not reveal a pronounced increase of the BMR coefficient when replacing PCBM
by higher adduct fullerenes though a slight decrease in mobility is measured (data not shown). This
causes the slight increase in losses due to NGR when PCBM is replaced by ICBA as indicated by the light

colored area in Figure 9.3b.
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Figure 9.4 Normalized total charge versus pre-bias for different excitation wavelengths for Si-
PCPDTBT blended with (a) PCBM, (b) ICBA, and (c) ICTA. (d) EQE, IQE and fraction of modeled
absorption as well as the internal generation efficiency (IGE) deduced from TDCF for Si-
PCPDTBT:fullerene blends.
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As shown by Figure 9.4a-c, varying the excitation energy over a broad range has essentially no effect
on the field-dependence of generation independent of which fullerene is used as donor. This result is
highly remarkable as rather small changes in the fullerene energy levels, and with that of the driving
force, led to considerable changes in the field-dependent charge generation. Importantly, the
excitation energy independence is also seen for blends with diminishing driving force.

To substantiate this claim, IQE spectra over a wide wavelength range from the sensitive measurements
of the EQE and of the absorption A(E) in conjunction with optical modelling is performed and shown
in Figure 9.4d. For the Si-PCPDTBT blended with PCBM and ICTA the steady state IQE(E) and IGE(E) are
independent (within the sensitivity of the used methods) of excitation energy, irrespective of whether
excitation occurs in the donor, acceptor, or CT state.

These findings finally proof that the charge generation proceeds via the relaxed CT; state (Route 1 in

Figure 9.3) irrespective of the driving force in the above definition.
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Figure 9.5 P-SoXS and GIWAXS data for Si-PCPDTBT blends with different fullerenes (a) Lorentz
corrected P-SoXS sector averages for 282.5 eV photon energy. The upper traces (vertically offset
for clarity) reveal anisotropic scattering with greater intensity perpendicular compared to parallel
to the photon electric field polarization for all samples. The lower traces correspond to circular
integration of the 2-D data. (b) Circular averages of GIWAXS 2-D scattering. GIWAXS circular
averages have been shifted vertically for comparison.

A possible explanation of the decreasing charge generation efficiency in Si-PCPDTBT blends with higher
adduct fullerenes can be the blend morphology. In the previous chapters, it was summarized that the
morphology, i.e domain size, size distribution, and domain purity, is crucial for device performance and
the underlying charge carrier dynamics. To investigate if morphology is a major factor responsible for
differences in free carrier generation vyield in Si-PCPDTBT:fullerene blends, polarized soft x-ray
scattering (P-SoXS) is utilized. Figure 9.5 shows results from P-SoXS together with grazing incidence
wide angle x-ray scattering (GIWAXS) data when four different fullerenes are used. All blends are
characterized by a similar log-normal distributions of spatial frequencies along with similar total
scattering intensity, which scales with the square of the average composition variations in the
samples.?’2 The relative composition variations are 0.98, 0.84, 1.0, and 0.94 for Si-PCPDTBT with PCBM,

ICMA, ICBA, and ICTA, respectively. Except for the somewhat lower value observed for the ICMA blend,
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the relative purity of the fullerene and polymer rich domains and/or their volume fraction is thus rather
constant. Also, the median characteristic length scale between domains with similar composition is
very similar for all blends with 30, 30, 35, and 33 nm for Si-PCPDTBT blended with PCBM, ICMA, ICBA,
and ICTA, respectively. All blends also show scattering anisotropy with greater intensity perpendicular
to the photon electric field (s-scattering) compared to parallel (p-scattering). Scattering anisotropy
corresponds to preferential in-plane orientation correlations of the polymer (edge-on versus face-on)
relative to the fullerene domains.!'%2%7 |t is similar in sign and magnitude for all samples and differences
in molecular orientation can thus be eliminated as a contributing factor. The shape and overall
intensity of the GIWAXS scattering profiles are similar for all samples, indicating that differences in
polymer lamellar and -t ordering as well as fullerene aggregation are minimal. Overall, the minor
differences in active layer morphology observed cannot explain the observed differences in charge
generation. The data presented so far shows that replacing PCBM with higher adduct fullerenes has a
pronounced effect on the total yield and field-dependence of free charge carrier generation despite
similar morphologies and the absence of hot CT state contributions.

Thus changes in charge generation efficiency must be related to interfacial energetics. To address this
point, HOMO und LUMO energies of all Si-PCPDTBT:fullerene blend films were determined with in-situ
spectroelectrochemistry by Florian Fischer at the University of Stuttgart. This allows the determination
of energy levels more precisely than the conventional method of determining onset or half wave
potentials purely from cyclic voltammograms. The energy levels of the polymer and the fullerenes in
the blends were determined from the potential corresponding to the onset of changes in the
characteristic absorption bands of the neutral or charged states. The HOMO and LUMO energies were
calculated from the absorption onsets of the first polymer oxidation and first fullerene reduction,
respectively. The resulting values are given in Table 9.1.

Table 9.1 Energy levels from CV of single component solutions and energy levels from in-situ
spectroelectrochemistry data of blends together with photovoltaic properties. Ecr is the energy
of the CT state and A the reorganization energy, both determined from optical spectroscopy.
Values in brackets are taken from Faist et al.?!®> as comparison. Performance values are averages
over 6 devices.

Polymer Fullerene Jsc Voc FF PCE E« A
HOMO — LUMO 1 njema) mv] (6] (%] [eV] [eV]

[eV] [eV]

Si-PCPDTBT 4.97 (5.0)

PCBM 3.70 (3.74)

ICMA 3.68 (3.70)

ICBA 3.53 (3.55)

ICTA 3.33 (3.36)

Si-PCPDTBT:PCBM  4.86 3.88 11.6 501 64 438 1.26 0.27
Si-PCPDTBT:ICMA 4.86 3.81 10.8 618 60 4.00 1.28 0.27
Si-PCPDTBT:ICBA 4.86 3.60 7.7 810 44 275 145 022
Si-PCPDTBT:ICTA 4.86 3.40 0.95 947 25 022 149 0.22
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Values of Ecg calculated from blend films are compared to Ecg determined from solution. Although
the absolute values for Ecg in solution and in the blend are difficult to compare with regard to absolute
values, due to differences in the local environment (solution versus solid state) and the technique used
to determine HOMO and LUMO energies, they allow a reasonable comparison between the different
fullerenes. Notably, the stabilization energy (defined as the difference between the fullerene LUMO in
the solid-state blend and in solution) decreases significantly when PCBM is exchanged by ICMA, while
both blends exhibit quite similar generation efficiencies. On the other hand, similar values of the
stabilization energy are measured for ICBA and ICTA, despite large differences in device performance.
Thus, the reduction in the stabilization energy cannot fully account for the poorer performance of the
higher adduct fullerenes. Therefore, it is most likely that the efficiency of CT-split-up in the analyzed
blends is intimately connected to the nature and energy of the relaxed CT state in comparison to the
CS state.

Figure 9.6 relates the total photogenerated charge at short circuit to the difference between E¢t and
Egq or Ecs solution for both Si-PCPDTBT and PBDTTPD as donors. The data shown in Figures 9.3 and 9.4
were also performed with PBDTTPD as donor polymer blended with PCBM, ICMA, and ICBA. These
results are in full agreement to the results obtained with Si-PCPDTBT. Figure 9.6a highlights that a
sharp decrease of the generation efficiency occurs only when the CT state approaches the energy of
the pure excitonic states, as in Si-PCPDTBT:ICTA. At such small energy offsets the CT state and excitonic
states are in resonance, mixing their wavefunctions giving the CT state a more localized and bound
character, thus increasing the energetic difference between CS and CT state.?’® Related to this,
significant singlet exciton recycling from the CT state has been reported for blends with higher adduct
fullerenes.?’® Figure 9.6b shows the photogenerated charge to decrease continuously when the energy
difference between the CS state and CT state increases, which is assigned to an increasing binding
energy of the relaxed CT state.

The findings presented in this chapter lead to the remarkable conclusion that generation proceeds via
the split-up of the relaxed CT; state irrespective of the initial excitation energy and driving force. This

important conclusion opens up new guidelines for future material development that require a

minimum energetic offset between CT and CS state while keeping the Angas small as possible.
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Figure 9.6 Charge generation efficiency at short circuit normalized to the PCBM blend for each
donor polymer compared to the energy difference of (a) the lowest singlet state (Eg;) and the
charge transfer state (Ect) and (b) the charge separated state as measured from solution CV
(Ecs_solution) @and the charge transfer state energy.
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10 Conclusion

Initially motivated by the aim to develop organic solar cells with tailored properties for the realization
of efficient hybrid tandem solar cells, this thesis provides a comprehensive view of the charge carrier
dynamics of blends made from polymeric donors and fullerene-based acceptors. As summarized in
chapter 4, with the proper choice of the organic blend, a hybrid tandem cell comprising a-Si:H and Si-
PCPDTBT:PC7BM sub-cells connected in series via optimized recombination contacts was realized with
a power conversion efficiency of 7.5%. This is by far the highest published efficiency for this hybrid
tandem cell design. Optical and electrical device modelling suggests that the PCE can be increased to
12% by combining donors with suitable absorption onsets in combination with PCBM. This success
initiated a more detailed understanding of the photovoltaic properties of the low band-gap polymer
PCPDTBT and its derivatives, but developed further towards a comprehensive investigation of the
fundamental aspects of charge generation, recombination and extraction in organic bulk
heterojunction solar cells.

The most important finding of these studies was the result that the excess photon energy does not
alter the efficiency and field dependence of charge carrier generation as presented in chapter 9. This
scenario was independent of whether the photoactive blend had a low performance with highly field-
dependent generation as for MEH-PPV:PCBM blends, or exhibited very efficient and field-independent
generation like in PBDTTPD:PCBM devices. To measure the internal quantum efficiency for excitations
down to energies of the electronically and vibronically relaxed CT; state, the inaccessible absorption
at this energy was reconstructed from the CT emission, induced via the recombination of thermalized
charges in electroluminescence. For a variety of blends, the internal quantum efficiency was constant
throughout the entire energy range studied, which comprised the energy of the relaxed CT; as well as
excitation energies well above the band-gap. Therefore, the generation in a working solar cell proceeds
via the split-up of thermalized CT states, irrespective of the initial excitation energy. These results are
in great contrast to conclusions from various fs-pump-probe experiments, which highlights the
importance of applying proper illumination conditions.

With the split-up of bound polaron pairs starting from the relaxed CT; state, the fundamental
conclusion from this part of the work is that the efficiency of charge generation is not dictated by the
difference in energy between the initially excited singlet exciton, Es;, and the energy of the final charge
separated state, Ecs, which is the so-called driving force. Instead, the efficiency of charge generation
will be governed by the energetic offset between the relaxed CT state and Ecs. Importantly, this offset
is not simply determined by the HOMO and LUMO energies of the individual donor and acceptor

components. Rather, the energy landscape at the donor acceptor interface and with that the
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morphology at the nano- and mesoscale plays a key role. Both influences have been studied precisely
in this work.
To address these issues, further studies were conducted on the low band-gap polymer Si-PCPDTBT
blended with different fullerene adducts to fine-tune the driving force as presented in chapter 9.
Notably, exchanging the fullerene adducts (and with that the acceptor LUMO level) had an only minor
influence on the domain purity, domain size and molecular orientation. That enabled us to address
solely the influence of the blend energetics on the charge carrier dynamics. In these blends, the
efficiency and field dependence of free charge generation was, again, not dependent of excitation
energy, independent of whether the blends exhibit a small or a large driving force. However, significant
differences in the yield and field dependence of charge generation were measured when using specific
fullerenes. Thereby, a direct correlation between the efficiency of free carrier generation and the
energy of the relaxed CT state relative to the Ecs could be established.
The second set of experiments addressed the correlation between the efficiency of charge generation
and the nano-scale phase separation. In a first step, the degree of phase separation in PCPDTBT:PCBM
blends was tuned by the use of processing additives e.g. DIO as presented in chapter 6. Interestingly,
we found that the generation of charge carriers is field dependent in this system, with enhanced and
less field-dependent generation when larger and more pure polymer domains are present. In
compliance with concepts currently discussed in the literature, we propose that the formation of pure
donor and acceptor domains, separated by intermixed regions, stabilizes the charge separated state
and supplies a sufficiently large “morphology-related” force to overcome the mutual Coulomb
attraction of geminate charge pairs formed in the intermixed region. This conclusion was further
confirmed in chapter 7 by extending the studies to blends with a new polymer, F-PCPDTBT, which was
designed by the incorporation of a fluorinated BT unit in PCPDTBT. Fluorination is shown to further
increase polymer crystallinity, domain purity, and domain size. Also, fluorination lowers the donor
HOMO energy while keeping Es; constant, thereby decreasing the difference between Es; and Ecs.
Despite this intentional lowering of the driving force, the efficiency of charge generation was clearly
enhanced. This finding is important, as it supports the view that charge generation is largely related to
morphology rather than to the energetics of the individual isolated components.
In addition, the measurements on additive-processed and fluorinated PCPDTBT-based blends
conclusively highlighted that the non-geminate recombination coefficient is markedly reduced in
morphologies with larger and purer domains. This is most probably due to the stabilization of free
charges in more pure domains, creating a barrier to hop close to or across the donor acceptor interface.
Interestingly, the suppression of non-geminate (and geminate) recombination did not always lead to
improved solar cell performance, as shown in chapter 8 for the di-fluorinated PCPDTBT system. This
finding pointed to the importance of charge extraction. In the past, various methods have been applied
to measure the mobility of charges in donor acceptor blends, but most of these techniques are only
applicable for a certain thickness range, carrier density, or device design. In chapter 8 we present a
new methodology to determine the effective extraction mobility under typical solar cell operation
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conditions. This method relies on the precise measurement of the steady state charge carrier densities
under different electrical field and illumination conditions. These results give a conclusive picture
about the processes leading to the distinct changes in the FF upon fluorination of PCPDTBT. Severe
extraction problems were also identified in chapter 5, where inverted solar cells based on
PCPDTBT:PCBM and especially thicker active layers yielded lower short circuit currents than regular
thin cells, despite improved light absorption and charge generation. Thicker active layers well above
100 nm are highly valuable for the commercial production of organic solar cells and thus quantification
of charge extraction in working solar cells becomes more and more relevant, especially with the

development of higher efficiency low band-gap materials that generate more charges.

The findings presented in this work have a large implication for the future material design enabling
efficient organic solar cells. As charge generation proceeds via relaxed charge transfer states,
optimization of the energetic offset between CT and Ecs becomes highly important. Therefore, not only
the energy difference between the donor HOMO level and the acceptor LUMO level need to be fine-
tuned but also control must be gained over the domain purity and domain size in order to stabilize the
spatially-separated charges within the individual domains, with a minimum of energetic loss associated
with the charge generation process. This morphological scenario should also strongly suppress non-
geminate recombination. With the efficiency of generation being optimized, the remaining issue is
charge extraction. Work presented in this thesis but also ongoing work suggests the performance of
blends with very efficient charge generation to be limited by a too low hole mobility. To enhance
extraction, future materials require semi-crystallinity, good stacking, and fibril formation to favor
transport through thicker active layers, above 300 nm thickness. All these material properties may
open the way to develop organic bulk heterojunction devices that enable much higher efficiencies in

the near future than the maximum attainable efficiency of 12% at the moment.
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In this work, the authors present a 7.5% efficient hybrid tandem solar cell with the bottom cell made of
amorphous silicon and a Si-PCPDTBT:PC;0BM bulk heterojunction top cell. Loss-free recombination
contacts were realized by combing Al-doped ZnO with either the conducting polymer composite PEDOT:
PSS or with a bilayer of ultrathin Al and MoOs. Optimization of these contacts results in tandem cells
with high fill factors of 70% and an open circuit voltage close to the sum of those of the sub-cells. This is
the best efficiency reported for this type of hybrid tandem cell so far. Optical and electrical device
modeling suggests that the efficiency can be increased to ~12% on combining a donor polymer with
suitable absorption onset with PCBM. We also describe proof-of-principle studies employing light
trapping in hybrid tandem solar cells, suggesting that this device architecture has the potential to
achieve efficiencies well above 12%.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The last decade was shaped by a tremendous increase in
efficiency of organic solar cells. Both polymeric and small molecular
materials processed either from solution or by vacuum deposition
reached commercialization acceptable efficiencies around 10% in
single junction [1,2] or tandem cell configuration [3,4]. This
improvement shows the great potential of organic solar cells to
be implemented into a low production and installation cost device
technology [5]. One of the key advantages of organic materials is the
overall high absorptivity and the sharp absorption onset. Thus, very
thin organic films of approximately 100 nm thickness can be
utilized to absorb almost 80% of the incident sunlight in the active
organic material within a broad range of wavelengths in a device
structure having the reflecting back electrode close to the active
layer [6]. However, in the tandem cell configuration, the wide band-
gap front cell should be in the range of 200-300 nm thickness for
optimum light absorption in the case of organic front cells [3].
Additionally it needs to have a high fill factor (FF) and open circuit
voltage (V) at this optically optimized thickness. A general issue
for efficient organic materials is a significant extraction loss if the

* Corresponding author.
E-mail address: neher@uni-potsdam.de (D. Neher).

http://dx.doi.org/10.1016/j.solmat.2014.04.020
0927-0248/© 2014 Elsevier B.V. All rights reserved.

active layer exceeds 100 nm [7-9]. This results in lower FFs when
used as tandem front cells [10]. PBHT:ICBA is the material combina-
tion that works the best so far as front cell in organic multijunctions
with appropriate thickness [3], although this blend is yet not
optimized in terms of internal quantum efficiency and the optical
band-gap versus open circuit voltage relation. There are other
organic material combinations with comparable optical absorption
onsets showing either higher V,. with lacking FF at thicknesses
above 200 nm [11], or a higher FF at thick layers but a smaller Vi
[12]. At the moment, the most promising wide band-gap organic
material suitable for the front cell in a tandem configuration is the
PBDTFBZS:PC;0BM blend, reaching 7.7% efficiency in single junc-
tions with 250 nm layer thickness [13].

Amorphous hydrogenated silicon (a-Si:H) has a band-gap of
1.7 eV and shows a V. of ~0.9V together with internal quantum
efficiencies of 100% (in the i-layer) and FFs of 70%, even for the
thickness range of 100-250 nm. In optimized laboratory scale
single junctions the highest reported stabilized efficiency for
a-Si:H is about 10% with a ~250 nm (i) utilizing light trapping
[14]. This is superior to P3HT:ICBA or other wide band-gap organic
single junction cells that have been employed in tandem devices
so far. a-Si:H is often used in tandem structures in combination
with microcrystalline Si:H (pc-Si:H). The disadvantage of pc-Si:H is
the low absorption in the red to NIR spectra as seen in Fig. 1. The
hybrid tandem cell configuration, made from an a-Si:H front cell
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and an organic back cell therefore, combines the advantages of
both the inorganic a-Si:H front cell and the organic low-band-gap
back cell in one device.

Here we investigate hybrid tandem cells with a thin (~ 140 nm)
a-Si:H front cell connected in series with an organic bulk hetero-
junction sub-cell made from the low band-gap donor polymer
Si-PCPDTBT blended with PC;oBM. This hybrid device design is a
quite new approach. In the last two years, only a few reports have
been published using this hybrid design, with efficiencies of 1.8-
3.3% [15-17] and 5.7% [ 18] as reported by Kim et al. and Seo et al.,
respectively. Kim and coworkers use a low performing organic
sub-cell made of PCPDTBT:PCBM, but without using processing
additives which are necessary to get good solar cell performance
[19]. The work published by Seo and coworkers makes use of the
polymer PBDTTT-C having a rather high band-gap of ~1.63 eV. To
generate high currents in the organic sub-cell in combination with
a-Si:H, the band-gap needs to be lowered further. Importantly,
both papers show tandem cells with FFs below 50%, highlighting
the importance of using appropriate recombination contacts in
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this hybrid configuration. Also, both reports make use of indium
tin oxide (ITO) as transparent conductive oxide which is generally
avoided for a-Si:H solar cells.

By using organic sub-cells with high quantum efficiencies up to
800 nm and optimized recombination contacts together with
optimizing light management, we reach a power conversion
efficiency (PCE) of 7.5% in a hybrid tandem cell made from a-Si:
H and Si-PCPDTBT:PC;oBM sub-cells. We present guidelines for
further efficiency enhancements by tuning the polymer band-gap
in the organic blend, with predicted hybrid tandem cell efficien-
cies close to 12%. Additionally, we show proof-of-concept studies
for light trapping by textured front contacts. This strategy could
further enhance the efficiency well above 12% when properly
implemented in hybrid tandem solar cells.

Fig. 1 shows the absorption strength of a- and pc-Si:H together
with the organic P3HT:IC5oBA and Si-PCPDTBT:PC;,BM blends.
This comparison displays the strong absorption onsets of the
organic materials compared over Si:H, especially in the range
above k=0.01. Fig. 1 also displays the complementary absorption
between a-Si:H and Si-PCPDTBT:PC;o,BM, and the wide spectral
range covered by these two materials.

2. Results

One of the standard transparent conductive oxides (TCOs) used
for a-Si:H or pc-Si:H cells is aluminum doped zinc oxide (AZO)
[20-22]. AZO can be easily sputtered with smooth surfaces and
etched with e.g. diluted HCl to texturize the front contact and
generate light trapping effects [20,23,24]. Tin doped indium oxide
(ITO) which is usually used for organic electronics suffers from the
reduction by hydrogen radicals during a-Si:H or pc-Si:H layer deposi-
tion resulting in reduced transparency when applied as front contact
[25]. We, therefore, built our hybrid layer stack on AZO as the front
contact as displayed in Fig. 2. The 700 nm thick front AZO is
deposited via sputtering. On top of that, a layer sequence of p-type,
intrinsic and n-type a-Si:H (together~140 nm) is deposited via
plasma enhanced chemical vapor deposition (PECVD). Finally,
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Fig. 2. (a) Schematic device structure with a Ag/MoOs recombination layer and (b) device structure with PEDOT:PSS as the p-type recombination contact. (c) J-V
characteristics of devices with the structure shown in (a). (d) J-V characteristics of devices from (b). All J-V characteristics shown here are measured under AM 1.5G at

100 mW/cm? without the use of an aperture.
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70 nm back AZO is deposited via sputtering and used as the n-type
layer in the recombination contact. As the p-type layer of the
recombination contact, either ultrathin ( <1 nm) silver together with
10 nm of MoOs3 thermally evaporated, or PEDOT:PSS (~ 60 nm) spin-
coated from solution is used. Due to the sensitivity of AZO against
acidic solutions, the PEDOT:PSS is pH-neutralized to a pH of 5. The
active layer of the organic sub-cell is made from a Si-PCPDTBT:
PC;oBM blend spin-coated on top of the p-type recombination layer
with a thickness of 90 nm. The device is finalized by thermal
evaporation of 10 nm calcium and 600 nm of silver. The thick silver
ensures that the active layer is mechanically stable against the
contact finger with direct contact during J-V measurement. The
active area is defined by the metal cathode (round, ~5 mm?) only.

Fig. 2 shows the J-V characteristics of hybrid tandem solar cells
made with two different recombination contacts. The recombina-
tion contact needs to ensure ohmic recombination and should
deliver a suitable work-function difference to sum up the open-
circuit voltages of the individual sub-cells. For the ultrathin Ag/
MoOs; recombination contact, a significant change in the perfor-
mance is measured with changing Ag layer thickness. If no Ag
interlayer or only 0.4 nm of Ag is used, the J-V characteristic shows
a strong s-shape with reduced FF of about 56%. Also a low forward
dark current is measured with 0.4 nm Ag or below (see inset). Both
findings are indicative of inefficient recombination at the recom-
bination contact. Increasing the Ag interlayer to 0.8 nm ensures
high dark current together with higher FFs of 65% of the tandem
device. The FF increases further to 70% for 1 nm Ag, suggesting loss
free recombination between both sub-cells. A structured back AZO
was used for these Ag/MoOs devices to reduce leakage from
laterally collected shunt currents. When PEDOT:PSS is applied as
the p-type recombination layer, structuring the back AZO leads to
losses in the V,. which are yet not understood (see Supporting
information, SI). Thus we used homogeneously covered back AZO
for hybrid tandem cells utilizing PEDOT:PSS. The corresponding
J-V curves are shown in Fig. 2d. Significant differences in the
performance are measured on changing the PEDOT:PSS conduc-
tivity. Using formulations with higher conductivity results in
strong dark currents at high reverse bias and reduced FF. Making
use of low conductivity grade formulations like Al 4083 leads to a
series resistance with limits to the FF of 67%. The optimum
between ohmic recombination in vertical direction and losses
from high conductivity in lateral direction due to the collection
of leakage currents is a mixture of Al 4083 and PH 510 1/1 by
volume, generating FFs of 70% in good comparison to the Ag/MoO;
contact.

Fig. 3 shows the J-V characteristics for AM 1.5G illumination
through an aperture and the light-biased external quantum

a
10 T | T T T
8 4| measured with aperture -
& ——AI 4083
E 6] ——ai4083+pHs10 g
2 4 —— 1nm Ag/ MoO, i
=
2 * ]
a 0
= J
8 2 -
‘5 4] ]
3% '
-8 o
'10 ¥ T ¥ 4 T 4 T ¥ T
-1.0 -0.5 0.0 0.5 1.0 15

Voltage [V]

efficiency (EQE) spectra of best performing cells with different
p-type contact layers. Note that we measure slightly higher
currents without aperture, due to edge effects. With the aperture,
the J fits the current estimated from integration of the individual
EQE spectra (see Table 1). The EQE spectra of the sub-cells have
been measured with monochromatic cw background light at
525 nm or 740 nm to address the individual EQEs of the sub-
cells. The photovoltaic performance data and the short circuit
currents from integration of the EQE spectra are shown in Table 1.

Both contact designs give high FFs up to 70% in the tandem
configuration. Also, the fact that the V. of the tandem is the sum
of the V,. of both sub-cells in its particular single-junction
configuration proves that both recombination contacts perform
as a loss free series connection. At the thickness of 140 nm for the
total a-Si:H sub-cell and 90 nm for the Si-PCPDTBT:PC,,BM layer
the currents are quite balanced at 7.2-7.5 mA/cm?. The final result
is a PCE of 7.5% efficiency, which constitutes a 18% enhancement
over the flat a-Si:H single junction and a 33% enhancement over
the Si-PCPDTBT:PC;oBM cell. This result is the highest reported
efficiency for hybrid inorganic/organic tandem solar cell utilizing
a-Si:H and organic sub-cells.

A further efficiency increase will be achievable via optimizing
the donor band-gap in the blend with PCBM in the organic sub-
cell. We constructed a series of optical spectra in which PCBM is
blended with donors of different optical band-gaps Eg. The low
energy absorption onset of the donor, and with that Eg, was shifted

Table 1

Performance data of best performing hybrid tandem devices with 140 nm for the
complete a-Si:H cell and 90 nm Si-PCPDTBT:PC;oBM thickness made with different
recombination contacts.

Device Js«(EQE)? Jse (MA/cm?) Voo (mV) FF (%) PCE (%)
(mA/cm?)

Tandem cells”

Al 4083 +PH 510 748 | 7.25 7.34 1453 70.1 748

Al 4083 710 7.22 7.42 1497 67.4 7.49

1 nm Ag/MoO3 7.52 748 7.50 1465 69.0 7.58

Single junctions®

a-Si:H (flat AZO)? 9.1 942 745 638

a-Si:H (rough AZO)¢ 1.1 941 711 7.42

Si-PCPDTBT:PC;oBM*® 151 590 63.5 5.65

2 From integration of the EQE of the respective sub-cell measured with
background bias light, 1st value=a-Si:H, 2nd value=organic.

Y Measured on round pixels with 2.5 mm diameter with an aperture of 2.4 mm
diameter.

¢ In configuration with reflecting metal back contacts.

9 Initial efficiency measured on 1 cm? active area.

¢ Measured on round pixels with 2.5 mm diameter without aperture.
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Fig. 3. (a) J-V characteristics measured under AM 1.5G at 100 mW/cm? with the use of an aperture and (b) light biased EQE of the corresponding devices.
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Fig. 4. Simulation of the hybrid tandem solar cell PCE (symbols) as a function of
donor absorption onset in the organic blend with PC;oBM. The optical constants for
the organic blend used in this simulation can be found in the SI. The assumptions
for estimating the efficiency (left scale) can be found in the plot. The scale bars
(right scale) show the current generated by the sub-cells in blue for a-Si:H and red
for the organic, with the IQEs as indicated. The best performing thickness
combination is indicated in nm vertically for each absorption onset. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

by 20 nm for each optical spectrum. Three optical spectra are
shown exemplary in Fig. S2. The J,. of both sub-cells was modeled
via a transfer matrix formalism taking into account the optical
parameters of the entire device stack, interference and reflection.
The current generated in both sub-cells is displayed in Fig. 4 as bar
chart as a function of donor absorption onset. For each optical
band-gap the sub-cell thicknesses were optimized to give the
highest current for the sub-cell that is current limiting at this
thickness combination. For the organic blend, an IQE (the EQE
divided by the fraction of absorption in the active layer) of 0.8 was
chosen. There are reports with organic bulk heterojunctions
having an IQE of near unity [26,27], but most of the low band-
gap polymers show smaller IQE [28,29]. For the a-Si:H sub-cell, the
IQE was set to 1 in the i-layer, 0.6 in the p-layer and O in the
n-layer [30]. The simulation nicely shows that when the polymer
band-gap is too large, absorption of sunlight will be mainly in
a-Si:H, generating a low current in the organic sub-cell. Shifting
the polymer absorption onset to energies below 1.41 eV (875 nm)
increases the current generated by the organic sub-cell without
further increasing the current generated in the a-Si:H sub-cell
which has a maximum of ~9.6 mA/cm? without light trapping in
this hybrid architecture model. The V,. of the organic sub-cell is
linked to the band-gap via Voc=(Eg/e) — AViqss. Thus, reducing the
band gap enhances J;c on one side but reduces V,. on the other
side. Realistic values of this energetic loss offset are AV}yss=0.6—
0.9V [28] and depend on the energy position of the donor HOMO
and the fullerene LUMO levels, as well as on recombination losses
at Vi, [31]. The V, of the tandem is assumed to be the sum of V.
of both sub-cells and the J,. is that of the limiting sub-cell. The
latter one is a good approximation when both sub-cells have
balanced J,c and high FFs [32]. To calculate the tandem cell
efficiency, we calculated the efficiency by the assumption of the
FF to be 70% or 75% and AV of the organic sub-cell to be 0.7 or
0.75 V. Values for the efficiency are shown on the left scale in Fig. 4
and range from 10.5% to almost 12% with a donor absorption onset
of ~835 nm, and layer thicknesses of 280 nm for a-Si:H and 90 nm
for the organic layer. At this band-gap and thickness combination,
the currents of both sub-cells are well balanced and the tradeoff
between high current and high voltage is maximized. Both sub-
cells have reasonable thicknesses in terms of good extraction for
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Fig. 5. J-V characteristics of devices with Ag/MoOs; as recombination layer
measured under AM 1.5G at 100 mW/cm? without the use of an aperture with flat
or textured front AZO. The AZO is textured by etching for 5 sec in dilute HCI before
a-Si:H deposition. The inset shows the EQE of the a-Si:H sub-cells and the Js
determined from integration of the EQE spectra with the AM 1.5G spectra.

optimized FFs. This semi-empiric model with realistic parameters
shows the great potential of the hybrid tandem cell even in the
absence of any light trapping schemes.

Light trapping in a-Si:H has been shown to greatly enhance the
generated current due to enhancing the light absorption and
reducing the reflection losses. Also, light trapping has the advantage
of utilizing thinner a-Si:H layers that significantly lower the impact
of degradation due to the Staebler-Wronski effect [33]. Usually,
light trapping is achieved via texturized front TCOs like e.g. HCI
etched AZO [20,23]. The etching induces a certain surface roughness
with a root mean square roughness 40-100 nm and lateral features
on a length scale of 400-1000 nm (see SI). In Fig. 5 we compare
hybrid solar cells similar to the design shown in Fig. 2a but with a
higher a-Si:H thickness of 180 nm and the front AZO which is flat or
etched for 5 sec in diluted HCIl. The inset displays the EQE of the
a-Si:H sub-cell. Due to the higher roughness of the etched AZO front
contact, the interference fringes vanish and the overall EQE
increases significantly due to light trapping. The significant differ-
ence in surface roughness is displayed by atomic force microscopy
in the SI Although the organic blend layer is processed on the
rough surface without the use of smoothening PEDOT:PSS, the V.
and the FF of the tandem cell remain at almost that of the flat
tandem. Note that the J;. of the sample on textured front AZO is not
greatly increased due to the fact that the organic Si-PCPDTBT:
PC,0BM cell is now current limiting with this thicker a-Si:H. Thus
enhancing the current in the a-Si:H only slightly increases the J. of
the tandem with light trapping. However, this proof-of-concept
shows the great potential of the hybrid tandem design in combina-
tion with light trapping schemes, with the perspective to boost the
efficiency limit well above 12% as estimated in Fig. 4 on implement-
ing suitable donors.

3. Experimental
3.1. Optical constants

The extinction coefficient and refractive index for all inorganic
layers were measured via photothermal deflection spectroscopy
(PDS) [34] and ellipsometry. For the organic blends the extinction
coefficient was determined by combining PDS and reflection
together with transmission measurements as described in [27].
The refractive index of the organic blend was assumed to be 2 [35]
in the simulation of Fig. 5.
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3.2. Tandem cell fabrication

The fabrication of the inorganic sub-cell started in Jiilich:
700 nm front AZO was deposited via sputtering according to
[36,37] onto 1.1 mm thick Corning Eagle XG® glass substrates.
After that, p-type pc-Si:H and a-SiC:H (together 25 nm), intrinsic
a-Si:H (100 nm or 140 nm) and n-type a-Si:H (15 nm) layers were
deposited by a radio frequency plasma enhanced chemical vapor
deposition (RF PECVD) system (30 x 30 cm?; 13.56 MHz), suitable
for four 10 x 10 cm? substrates. The process gases used were silane
(SiHy), hydrogen (H,), trimethylborane (B(CHs)3), monophosphane
(PH3) and methane (CH,4) applied through a showerhead electrode.
The electrode gap was 12.5 mm and the deposition temperature
was 220 °C resulting in substrate temperatures of ~200 °C. After
deposition of the silicon layers the back AZO (70 nm) was
deposited via sputtering either through shadow masks with
defined areas of 4 x4 mm? or without a mask, covering the
complete substrate. Further processing was carried out in the
laboratories in Potsdam: the front cell coated substrates were
washed with isopropanol in an ultrasonic bath for 10 min and
dried with nitrogen flow. After that the Ag/MoOs contact was
thermally evaporated without patterning on top of the structured
back AZO by thermal evaporation at base pressure below
10~% mbar. The PEDOT:PSS was spin-coated from pH neutralized
formulations onto the back AZO. The pH was adjusted to 5 with
10% ammonia and diluted with isopropanol (1:5) for better
wetting. The PEDOT:PSS layer was dried at 140 °C for 15 min.
The active layer was spin-coated in N; filled glove box from 1:1.5
solutions of Si-PCPDTBT:PC;oBM diluted in o-dichlorobenzene
with 36 mg/mL overall blend concentration from 70 °C hot solu-
tions at 1500 rpm for 40 s. Finally 10 nm of Ca and 600 nm of Ag
were thermally evaporated through shadow masks defining the
round active area to be 2.5 mm in diameter.

3.3. External quantum efficiency

The EQE was measured with monochromated light from
tungsten lamp mechanically chopped to 140 Hz for the detection
with a lock-in amplifier. The intensity of the lamp was checked
with an UV enhanced crystalline silicon solar cell calibrated at
Newport. The quality of the EQE setup was cross checked with a
KG3 filtered crystalline silicon reference solar cell calibrated at
Fraunhofer ISE. Constant background illumination was performed
with 740 nm (Roithner, H2A1-H740) or 525 nm (Alustar, 9008100)
LED arrays containing three LEDs mounted on a heat sink ring. One
sub-cell was optically biased with the LED array having the
suitable wavelength, the other sub-cell, not absorbing the bias
light strongly, was measured with the chopped monochromatic
light without the application of a constant voltage offset. Applying
no external voltage offset can cause some error of the measured
EQE especially for low FF sub-cells [32].

3.4. Solar cell characteristics

The solar cell characteristics were measured with an Oriel class
ABA sun simulator calibrated to AM 1.5G and 100 mW/cm?. The
calibration of the sun simulator was done with a KG3 filtered
silicon reference cell calibrated at Fraunhofer ISE. All shown data
are not corrected for spectral mismatch. The mismatch factor is ca.
1.02 for a-Si:H and 0.97 for Si-PCPDTBT:PC;¢,BM.

3.5. Optical simulation
The fraction of absorption A(E) in each layer of the solar cell

stack and the total reflection was modeled with a transfer matrix
formalism, taking into account the multi-reflections and

interference of all layers assuming perfectly flat interfaces. A(E)
was corrected for the internal quantum efficiency and simulated
for different active layer thickness combinations. The refractive
index was assumed to be 2 and independent of wavelength for the
constructed organic blends. For all other layers, the measured
refractive index was used.

4. Conclusion

In summary, we have shown that hybrid tandem cells compris-
ing a-Si:H and Si-PCPDTBT:PC;0BM sub-cells connected in series
via AZO/PEDOT:PSS or AZO/Ag/MoOs; recombination contacts
generate 7.5% efficiency. By optimizing both recombination con-
tacts, high FFs of 70% in the tandem cell are achieved. This is the
best hybrid tandem cell efficiency reported for this type of device
design so far. Importantly, the recombination contact and the front
TCO were built with cost efficient AZO without employing ITO
which is usually used in organic devices. Optical and electrical
device modeling suggests that the PCE can be increased to ~12%
combining a donor polymer with suitable absorption onset with
PCBM. We furthermore showed proof-of-principle studies using
light trapping with texturized front AZO for hybrid tandem solar
cells. This device architecture has the potential to achieve effi-
ciency well above 12%.
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We compare standard and inverted bulk heterojunction solar cells composed of
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1. Introduction absorption is mostly realized in the 2nd absorption maxi-

mum, which is around 200-250 nm for many polymer:ful-

The worldwide increasing demand for cheap electricity
has triggered intense research on solar cells comprising or-
ganic semiconductors. Record values are currently achieved
using soluble fullerene-derivatives as electron-acceptors
and donor-acceptor-type co-polymers approaching and
exceeding 8% efficiency [1-4]. The overall efficiency of pla-
nar solar cells is determined by several factors, one being
the efficiency #.ps of the incident photons to be absorbed
in the active layer under AM 1.5 illumination. Interference
effects within the device structure cause #.ps to vary
periodically with the thickness of the active layer. Efficient
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977 5615.
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lerene blends (with the optimum thickness primarily
depending on the absorption properties, i.e. the long wave-
length absorption onset of the active layer, see Supporting
information Fig. S1).

Unfortunately, many highly efficient donor-acceptor-
type co-polymers show significantly reduced fill factors
(FFs) when increasing the active layer thickness. This is
in contrast to the properties of the well known homopoly-
mer poly(3-hexylthiophene) (P3HT) blended with fuller-
enes, where FFs exceeding 60% are measured even for
blend thicknesses of up to 250 nm [5]. Optimized co-poly-
mer devices, therefore, comprise active layers with thick-
nesses around the 1st absorption maximum, at 100 nm
or even below [3,4,6,7], though increasing the layer thick-
nesses to the 2nd absorption maximum would allow a
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more complete absorption of the incident light. The overall
reduction of device performance due to the drop in FF with
increasing layer thickness has been attributed to inefficient
charge-transport and collection. Therefore, alternative
ways to increase the absorption while adjusting the active
layer thickness to the 1st absorption maximum at around
100 nm need to be considered.

A smart strategy is to alter the optical field distribution
within planar solar cell geometries [8], e.g. by the insertion
of optical spacers [9,10] or by choosing different contact
materials reducing parasitic absorptions and thereby
increasing #aps [11]. The most common device structure
(here referred to as “standard”) for organic solution pro-
cessed solar cells is shown in Fig. 1a. The active layer is sand-
wiched between indium tin oxide (ITO) covered with
poly(3,4ethylenedioxythiophene):poly(styrene sulfonate
(PEDOT:PSS) and a low work function back electrode (Ca
or Al) [4,12,13]. Inverted devices with metal-oxides like
MoOs5 as hole- and TiO, or ZnO as electron-selective contacts
have recently attracted attention because of their increased
air stability compared to standard structures [14-17]. It was
also shown that inverted architectures exhibits superior so-
lar cell performance which was attributed to different
absorption profiles, with reduced parasitic absorption in
the PEDOT:PSS and the Ca layer [11,18]. Inverted structures
are now widely used for high efficiency polymer:fullerene
solar cells [15,16,19,20].

Poly[2,6-(4,4-bis(2-ethylhexyl )-4H-cyclopenta[2,1-b;3,4-
b’]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT)
[21] has recently attracted considerable attention because
of its low absorption band gap and high photovoltaic effi-
ciency in blends with [6,6]-phenyl C;;-butyric acid methyl
ester (PC;oBM). While initial studies performed on
PCPDTBT:PC;oBM processed in the standard geometry
yielded a power conversion efficiency (PCE) of 3.2% [22],
large improvements have been achieved by employing
processing additives such as octanedithiol (ODT) and by
using an inverted solar cell architecture [20,23]. However,
to best of our knowledge, a comparative study of
PCPDTBT:PCBM blends in standard and inverted cells has
yet not been published.

Here we show that inverting the device structure of so-
lar cells comprising a 100nm spin-coated blend of

a 3.0+
354
PCPDTBT]
4.0+
_ Tos | PC70BM
> 45+
2
E 5041 ITO Ag
554
6.0 + MoOs
6.5 +!110 | 10 80-270 10 1100
d [nm]

PCPDTBT with PC;oBM enhances the J;. by 11%. Our exper-
imental findings are rationalized by simulations of the
optical field distributions within the multilayer structure
with a transfer matrix formalism [8,24], which clearly
illustrates an increase of the 7,y in the inverted device
architecture. The comparison between the experimental
short circuit current and the calculated 7,55 allows the
determination of the internal quantum efficiency (IQE) at
simulated AM 1.5 simulation as a function of active layer
thickness. We show that the IQE decreases continuously
with thickness, pointing to inefficient charge carrier collec-
tion for thicker active layers.

2. Materials and methods
2.1. Solar cell fabrication

All solar cell devices were fabricated on structured ITO
coated glass slides (Optrex) pre-cleaned in acetone, deter-
gent, DI-water and isopropanol, and dried with a nitrogen
gun. For standard devices, the pre-cleaned ITO substrates
were plasma-cleaned and a 50-60 nm layer of PEDOT:PSS
(Clevios Al 4083) was spin-cast on top. The samples were
subsequently transferred into a nitrogen filled glove-box
followed by annealing at 180 °C for 10 min. The active
layer was spin-cast from solutions containing 1-3 blend
ratios of PCPDTBT (M,, = 26,000 g/mol, PDI = 1.36, was pre-
pared in a Stille type polycondensation following a proce-
dure described in literature [21]) and PC;0BM (99%,
Solenne). Chlorobenzene was used as the solvent and
3 vol% diiodooctane (DIO) was added as a processing agent
unless otherwise mentioned. Different layer thicknesses
were attained by varying spin speed and blend concentra-
tion. Finally, 20nm Ca and 100 nm Al were thermally
evaporated with a base pressure below 10~® mbar through
shadow masks to define the active area to be 0.16 cm?. For
inverted devices a TiO, sol synthesized according to Ref. [9]
was spin-cast at 5000 rpm onto ITO followed by heating to
80 °C for 10 min in air to form a TiO, layer with a thickness
of 8-10 nm. Subsequently, the samples were transferred
into the nitrogen-filled glove-box and heated to 140 °C
for 10 min. After spin-coating the active layer, the devices

b 30+
Ca T ]
il | PCPDTET Al
401 PC;BM
=451
&2
& 50+
55+
604 [
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d [nm]

Fig. 1. Schematic device structure for (a) inverted and (b) standard device setup used in this work. The x-axes indicates the thickness range of each
individual layer and the y-axes the work-functions measured with Kelvin Probe (in eV): ITO 4.7; PEDOT:PSS 5.3; Ca below 3; Al 3.3; TiO, 4.1; MoO3 6.2 (for
thicker films ~6.8); Ag 4.7. The values for HOMO and LUMO levels for the active layer were adopted from Refs. [6,35].
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were completed by thermal evaporation of 10 nm of MoO3
and 100 nm of Ag. Due to the high boiling point of DIO, all
solar cells have been dried in vacuum at room-temperature
for at least 5h prior to evaporation of the back contact,
since residual DIO functions as a hole trap [25].

2.2. Determination of optical constants and layer thickness

The optical constants of the metal oxides and the PED-
OT:PSS were derived from transmission and reflection
measurements on the respective materials on glass slides
with a Varian Cary 5000 spectrophotometer equipped with
an integrating sphere. Within the system air/film/sub-
strate/air, the film thickness as well as the optical con-
stants of the substrate and its thickness needs to be
known. The optical constants of the film have been itera-
tively fitted point by point with the Newton-Raphson-
method until the measured and theoretical reflection and
transmission data converged [26]. The optical constants
of the PCPDTBT:PC7oBM blend were deduced from spectro-
scopic ellipsometry of the blend layer on crystalline silicon
(100) substrates by means of a M2000DI rotating compen-
sator ellipsometer (J.A. Woollam Co.). The analysis was
performed with the WVASE software (3.740). Due to the
complex absorption spectrum of the blend, the generalized
oscillator model employed 11 Gaussian absorption peaks
between 1.5 and 6.1 eV center wavelengths. The surface
roughness was implied with a 8 nm thick EMA (50% void)
roughness layer. A MSE of only 3.5 shows the high accuracy
of the fit. The optical constants of Ca, Al and ITO as well as
Ag have been taken from literature [8,27,28]. Thicknesses
have been measured with surface profilometry (Dektak 3,
Veeco) for the active layer and via absorption on quartz
glass substrates for the thin TiO, layers.

2.3. Determining the electrode work functions

The work functions have been determined via Kelvin
Probe measurements as described in a recent publication
[29], using highly ordered pyrolytic graphite (HOPG) as ref-
erence (work function of 4.6 eV [30]). Estimates of the
work functions of all electrodes employed in our solar cells
were obtained by performing measurements on the fol-
lowing samples: 100 nm of Ag or Al thermally evaporated
on glass-slides, 10 nm of MoOs on Ag, 20 nm of Ca on Al,
untreated ITO, 10 nm thick TiO, on ITO as well as 50 nm
PEDOT:PSS on ITO.

2.4. External quantum efficiency (EQE)

The EQE was measured with monochromated light from
tungsten lamp mechanically shopped to 140 Hz for detec-
tion with a lock-in amplifier. The intensity of the lamp was
checked with an UV enhanced crystalline solar cell cali-
brated at Newport before each measurement. The quality
of the EQE setup was cross checked with a KG3 filtered
crystalline silicon reference solar cell calibrated at Fraun-
hofer ISE.

2.5. Solar cell characteristics

J-V characteristics were measured under illumination
with an Oriel class A simulator calibrated to 100 mW/
cm?. The samples were temperature controlled to 20 °C
during measurement. The calibration of the sun simulator
was done with a KG3 filtered silicon reference cell cali-
brated at Fraunhofer ISE. All shown data (except in the
Supporting information) are corrected for spectral mis-
match (mismatch factor for PCPDTBT:PC;0BM M = 0.95)
according to [31].

2.6. Optical modeling

The simulation of the solar cell short circuit currents
have been performed by modeling the absorption of the
active layer in the device stack with the transfer matrix
formalism [8,24]. Comparison of the fraction of absorbed
light with the measured EQE spectra at short circuit condi-
tions yielded the internal quantum efficiency as a function
of wavelength. Reflectivity spectra were measured for each
cell to confirm the accuracy of the determination of the
optical constants as described above.

3. Results and discussion

Fig. 1 summarizes the solar cell architectures of the
studied solar cells. In the standard device configuration
as shown in Fig. 1b, the active layer is sandwiched between
PEDOT:PSS and Ca covered with Al For the inverted de-
vices the active layer is embedded between the electron
selective TiO, and the hole selective MoOs; contacts
(Fig. 1a). Fig. 1 also shows the work functions of the differ-
ent contacts as determined via Kelvin Probe measure-
ments. The work function values are quite comparable to
literature data for TiO, [7], MoOs [32] and PEDOT:PSS Clev-
ios Al4083 [33]. We found that high FFs in the inverted
geometry are only achieved with very thin TiO, layers
(8-10 nm) while FF decreases drastically when the TiO,
thickness of increases beyond 20 nm (see Supporting infor-
mation S2). By applying 15 min UV-exposure with a Benda
UV-hand-lamp to the solar cell the FF can be partially
recovered even for thicker TiO, films, indicating that the
UV-exposure promotes the trap filling thereby improving
the electrical conductivity of the TiO, [34].

Fig. 2(a) shows the measured EQE of a standard and an
inverted solar cell with a PCPDTBT:PC;o0BM blend layer
thickness of 100 nm. Clearly, the inverted device exhibits
a higher EQE throughout the measured wavelength range.
Accordingly, the J;. of the inverted device is more than 10%
higher compared to the standard structure (see Fig. 4).

Comparison of the EQE and the corresponding modeled
fraction of absorbed light in the active layer for the differ-
ent geometries shows that the external quantum efficiency
scales well with the modeled absorption. We, actually find
that the internal quantum efficiency as calculated from the
EQE and the fraction of absorbed photons is rather similar
for both device structures, with a mean value of about 71%.
This implies that the higher EQE for inverted devices stems
mainly from the higher absorption of the active layer. Also,
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the variation of the IQE with wavelength is rather weak
(Fig. 3) and a systematic difference in IQE for wave-
length-ranges where the polymer or the PCBM absorption
is dominant as reported by Burkhard et al. [36] has not
been found. The high quality of the modeled absorption
in the device stack is shown by the very good agreement
between the modeled and measured reflectivity of the full
device (Fig. S5).

According to Petersson et al. [24], the energy dissipation
Q. in the active layer at position x is given by

Quex, ) = cornlE(x, /) 1)

Evidently, Q, is proportional to the refractive index n and
the absorption coefficient o of the active layer as well as
the modulus squared of the optical electric field |E(x, 1)|?
normalized to the incoming field. Knowing the power of
the incoming AM 1.5 spectrum, the exciton generate rate
g(x) can be calculated by dividing Q,.(x, ) by the energy
of a single photon at wavelength A and integrating over
the wavelength range determined by the transmission
through the ITO (/yegin) and absorption onset of the active
layer (Zend) [8,37].

g(x) _ /Aend %Qact(x7 ;,)d)~ (2)

Z“begin

In Eq. (2) the photon to exciton conversion efficiency is
assumed to be one meaning that every single photon

absorbed in the active layer initially creates an exciton.
The exciton generation rate versus position in the active
layer is shown in Fig. 2(b) for standard and inverted de-
vices with a nominal active layer thickness of 100 nm.
The main difference is a shift of the generation profile to-
wards the back-electrode. Interestingly, the rate for excited
state formation near the back electrode is considerably lar-
ger for the inverted cell geometry, which accounts in part
for the higher J,. of this device.

The normalized modulus of the optical electric field is
shown in Fig. 3 for inverted (a) and standard devices (b)
with an active layer thickness of 100 nm for a wavelength
of 550 nm. This wavelength has been chosen as the differ-
ence in EQE and absorption between the two device stacks
is most prominent at 550 nm. Inversion of the layer struc-
ture causes a slight shift of the maximum of the electric
field towards the back electrode but mainly increases the
overall modulus throughout the whole active layer.

It has been reported that introducing optical spacers be-
tween the active layer and the back electrode in standard
devices [9] or matching the refractive index of the front-
contact to ITO [7] increases Js.. Systematical optical model-
ing studies (data not shown) for the inverted structure of
our PCPDTBT:PC;0BM blends showed that decreasing the
MoOs thickness actually increases Jsc meaning that the
MoOs layer inserted between the active material and the
metallic Ag contact does primarily not function as an opti-
cal spacer, and that the inverted structure is already well
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Fig. 4. J-V characteristics of devices with different active layer thickness in (a) inverted and (b) standard device structure. All characteristics were measured
under simulated AM 1.5G illumination calibrated to 100 mW/cm? and corrected for spectral mismatch.

optimized with a thin MoOs film [38]. Increasing the MoOs
thickness moves the maximum of the modulus squared of
the optical electric field closer to the back contact, result-
ing in a reduced exciton generation rate. Also, decreasing
the refractive index of the TiO, in the simulation caused
Jsc to increase. According to our simulations, further
improvement of light absorption in the active region for
a blend thickness of 100 nm can only be achieved when
applying light trapping mechanisms, which is beyond the
scope of this paper.

In the next step, a systematic variation of the active
layer thickness was performed. Fig. 4 shows the resulting
J-V characteristics under simulated AM 1.5G spectra at
100 mW/cm? for inverted (a) and standard (b) devices,
with active layer thicknesses between 100 and 270 nm.
The photovoltaic parameters derived from these curves
are summarized in Fig. 5.

For both device architectures, the device performance
declines with layer thickness, but the effect is more pro-
nounced for the inverted structure. This decrease is in part
due to a continuous decrease of the FF with thickness. Also,
the measured short-circuit currents derivate largely from
the prediction by optical modeling (using a constant inter-
nal quantum efficiency of 68%) at high layer thickness. In
particular, we find that J,. is higher for the inverted struc-
ture for a layer thickness smaller than ca. 170 nm, while it
drops considerably below the value for the standard device
architecture for high thicknesses. This is in contrast to opti-
cal modeling which predict J. of the inverted device to be
9-15% higher for all thicknesses, with a maximum differ-
ence at around 175 nm. Poor fill factors and low short cir-
cuit currents have been attributed to either a field-
dependent efficiency of free carrier generation or to recom-
bination losses. In the former case, the photocurrent will
scale with the internal electric field, which is not the case
in our devices (see Fig. S3). Also, regular and inverted de-
vices exhibit different fill factors for the same layer thick-
ness (having almost the same open circuit voltage),
ruling out field-dependent generation as the main process
governing the photocurrent characteristics. This is in
accordance with recent findings by Jamieson et al. [39].
Alternatively, low fill factor of PCPDTBT:fullerene solar

cells have been explained by significant, possible trap-as-
sisted, recombination [22,40,41]. Recently, Bailey et al. pre-
sented a detailed study on the interrelation between blend
morphology, carrier transport and photovoltaic properties
of a blend of a related polymer, poly[N-9”-hepta-decanyl-
2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3’-benzothia-
diazole)] (PCDTBT), with PC;oBM [42]. These authors con-
cluded that the decrease in device performance with
layer thickness is due to trap-assisted recombination in
presence of a broad distribution of holes traps, and that
deep traps are caused by the rather low structural order
in these blends. It was also suggested that recombination
losses decrease with increasing inverse bias.

Therefore, to evidently show that inverting the device
structure improves light absorption for all layer thick-
nesses, we have compared the light-generated current at
the most negative bias of —1 V to the absorption efficiency
nendd which is the fraction of incident photons absorbed in
the active layer, accounting for the spectral irradiance I(1)
of the AM 1.5G illumination integrated over the wave-
length-range of the blend absorption.

900 nm
2-A(Z,d) - 1(A)dA
',Iglljesnd(d) _ J350 nrgOO — ) ( ) (3)
o 1(2)d

In Eq. (3), A(4,d) is the fraction of light absorbed in the ac-
tive layer at a given wavelength A and thickness d. The
comparison is shown in Fig. 6(a). In accordance with the
prediction by optical modeling, the photocurrent of the in-
verted device at —1V exceeds the current of the corre-
sponding regular structure for all layer thicknesses. Also,
the reverse-bias currents are largest at a layer thickness
of 270 nm, which complies with the predicted behavior. Fi-
nally, IQEs calculated from the photocurrents at —1V are
well comparable for both devices for a given thickness
(Fig. 6(b)), meaning that the efficiency for converting an
absorbed photon into a free carrier is independent of de-
vice architecture.

We finally, like to address the poorer fill factor and
short circuit current in the inverted device. Following the
arguments outlined above, the balance between extraction
and recombination of free charge carriers must be more
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unfavorable in the inverted device. Holes have been found
to be the slower carriers in PCPDTBT:PC;oBM blends [43].
As shown in Fig. 7, the generation profile seen from the
hole-extracting contact is rather different for both types
of devices. In particular, the path length for hole extraction

is remarkably higher in the inverted device with a thick ac-
tive layer compared the standard structure. This in turn
might increase the amount of holes occupying traps and
concurrently enforce trap-assisted recombination. In
addition, the PCPDTBT phase was shown to undergo slow
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Fig. 7. Simulated exciton generation profile versus distance from the hole
selective contact for normal (filled squares) and inverted (open circles)
devices with an active layer thickness of 270 nm.

drying in presence of the additive, which can promote seg-
regation of the hole-transporting PCPDTBT towards the
bottom contact. Agostellini et al. reported a pronounced
vertical composition profile in PCPDTBT:PCBM blends pro-
cessed with the additive [41]. Such segregation might
aggravate the collection of holes at the top contact in the
inverted device structures. Note that weak segregation will
have an only minor affect on the optical field profile. In
fact, we find very good agreement between the modeled
and measured reflectance on ITO/TiO,-substrates when
assuming that the optical constants are homogeneous
throughout the entire layer. Evidently, the lower fill factors
and power conversion efficiencies of our inverted devices
must be related to more pronounced recombination losses,
caused either by vertical phase segregation or different
path length of hole extraction in the two types of devices.
Here it is important to note that inverted devices compris-
ing a 140 nm thick annealed P3HT:PCBM blend layer
exhibited very high FFs and a Voc equal to the standard
structure (see Supporting information S2), even in absence
of UV exposure. Annealed P3HT:PCBM layers were shown
to have reduced coefficients for bimolecular recombina-
tion, which is probably related to the high structural and
electronic order in this particular blend system [44-46].

4. Conclusion

In summary, we have shown that inverted device stacks
comprising a 100 nm thick bulk heterojunction composed
of PCPDTBT and PC;oBM show 11% larger short circuit cur-
rents compared to the standard device structure. Optical
modeling of the optical field distribution in the different
device stacks proves that this enhancement originates
from an increased absorption of incident light in the active
layer. The internal quantum efficiency for both architec-
tures was found to be ~70% for a layer thickness of
100 nm, but it decreased continuously with layer thick-
ness. The simultaneous deterioration of the FF for increas-
ing thickness indicates that charge collection becomes
increasingly inefficient for thicker blend layers, probably
caused by strong mono- or bimolecular recombination.

On the other hand, our optical simulations show that in-
verted solar cells based on PCPDTBT:PC;oBM are capable
of delivering high efficiencies at larger active layer thick-
nesses, provided that recombination losses can be sup-
pressed. Noticeably, a J.. of 19.0 mA/cm? is predicted for
a moderate internal quantum efficiency of 70% and a layer
thicknesses around 270 nm. Assuming a V. of 0. 61 V and a
FF of 62%, a PCE of more than 7% should be achievable for
the inverted device structure. Further work will, therefore,
be devoted to the understanding and reduction of extrac-
tion losses in these blends.
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ABSTRACT: We have applied time-delayed collection field (TDCF) and charge extraction
by linearly increasing voltage (CELIV) to investigate the photogeneration, transport, and
recombination of charge carriers in blends composed of PCPDTBT/PC,,BM processed
with and without the solvent additive diiodooctane. The results suggest that the solvent
additive has severe impacts on the elementary processes involved in the photon to collected
electron conversion in these blends. First, a pronounced field dependence of the free carrier
generation is found for both blends, where the field dependence is stronger without the
additive. Second, the fate of charge carriers in both blends can be described with a rather
high bimolecular recombination coefficients, which increase with decreasing internal field.
Third, the mobility is three to four times higher with the additive. Both blends show a
negative field dependence of mobility, which we suggest to cause bias-dependent recombina-

tion coefficients.

SECTION: Macromolecules, Soft Matter

he outlook brightens for organic photovoltaics because a

dramatic efficiency improvement has been reported over
the last 3 years with the introduction of new copolymers as
donors in combination with the electron acceptor PCBM.'
A smart strategy toward higher power conversion efficiencies
(PCEs) is to reduce the band gap of the donating polymer by
combining electron-rich and electron-deficient units within the
conjugated main chain.>? For some of these polymers, the
photovoltaic performance of the resulting bulk heterojunction
(BHJ) can be controlled with the help of solvent additives.*™”
One of these polymers is poly[2,6-(4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b"]dithiophene)-alt-4,7-(2,1,3-benzothia-
diazole)] (PCPDTBT), introduced in 2006 by Konarka
Technology Inc.®> For BHJ solar cells composed of
PCPDTBT/PC,,BM, addition of the processing additive
diiodooctane (DIO) was shown to increase the performance
by a factor of 2 up to 5.5%.”® Unfortunately, PCPDTBT/PCBM
devices exhibit low fill factors (FFs), implying a strong
dependence of the photogenerated current upon internal bias.
Though the FF improves considerably upon processing with
DIO, it still remains well below the values reported for other
high-performance copolymer/fullerene blends.>>* Therefore, the
main cause of the low FF in PCPDTBT/PCBM blends and
the impact of the solvent additive on the elementary processes

i i © 2012 American Chemical Society
7 ACS Publications
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involved in the generation and recombination of charges in these
blends is the subject of numerous recent publications.'®™"
Lenes et al. successfully modeled the current—voltage
characteristics of PCPDTBT/PCBM blends (processed with-
out DIO) by considering free carrier generation via field-
induced separation of coulombically bound polaron pairs
(PPs).*® 1t was proposed that the low FF in this blend is
caused by geminate recombination with a rather short lifetime
of the bound pair. It was further proposed that addition of DIO
increases this lifetime, from ~300 ns to 3 ys."” Field-dependent
dissociation of PPs in blends processed without additives was
also concluded on the basis of the field-suppressed emission
from charge-transfer excitons by Jarzab et al.'® On the other
hand, recent studies with transient absorption spectroscopy
(TAS) showed the efficiency for free carrier formation to be
independent of the applied bias in PCPDTBT/PC,,BM blend
devices. The higher short-circuit current in DIO-processed
devices was attributed to a higher yield of PP dissociation in
conjunction with reduced geminate recombination.'* An overall
more efficient generation of free charges with additive was also
revealed by studies of the photoinduced absorption'® and the
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emission of CT states.'” These observations are in accordance
with earlier conclusions by the Konarka group that low FFs in
PCPDTBT/PC,,BM blends are caused by non-geminate
recombination of free carriers rather than by field-dependent
split up of bound PPs in competition to geminate recombina-
tion.® Surprisingly, Agostinelli et al. found the bimolecular
recombination (BMR) coefficient at identical charge densities to
be 6 times higher for blends with the additive, despite the larger
FF of these devices.'” Regarding charge-transport properties, a
4-fold increase of the BIFET mobility of electrons and holes
in PCPDTBT/PC,BM processed with DIO was reported."
On the other hand, dark currents in PCPDTBT/PCBM devices
were shown to be unaffected by the additive, implying a very
weak impact of the processing conditions on vertical charge
transport.'” In agreement to this, the hole mobility in time-of-
flight (TOF) measurements was not significantly altered by the
additive.'

Here, we present studies of the char%e carrier dynamics with
time-delayed collection field (TDCF)*"** and photo-CELIV
measurements in blends of PCPDTBT/PC,,BM, processed
without and with DIO. In TDCEF, carriers are photogenerated
with a nanosecond laser pulse at a certain prebias typical for
solar cell operation and subsequently extracted with a constant,
high reverse bias which is applied after a defined delay time. We
optimized our TDCF setup to decrease the minimum delay time
to only 10 ns; see the Supporting Information (SI). This
allowed us to obtain detailed information on the field
dependence of charge carrier generation and recombination
with exceptional high temporal resolution. The pulse fluence
was chosen to vary between 0.2 and 0.5 uJ/cm?, which yielded a
strictly linear dependence of the photogenerated charge carrier
density on light intensity (see Figure S2 in SI). The initial photo-
generated carrier densities were comparable to steady-state
densities under AM 1.5G illumination at 1 sun conditions.”
Field-dependent mobilities were measured via photo-CELIV** or
deduced from the linear extrapolation of the initial photocurrent
decay in the TDCF extraction transients.”"*®

Solar cell samples were prepared on structured ITO (Optrex)
coated with 60 nm PEDOT /PSS (Clevios Al 4083). The blend
solution (1/3 by weight) of PCPDTBT (M,, = 22300 g/mol,
PDI = 1.31) and PC,;BM (Solenne) in chlorobenzene was
spincoated with or without 3 vol % DIO, yielding an active layer
thickness of 100 nm. The samples were finalized by thermal
evaporation of Ca (20 nm) and Al (100 nm) with an active area
of 1.1 mm?. All samples were encapsulated with epoxy resin and
a glass lid prior to air exposure (see SI for details on sample
preparation and measurement techniques).

The morphological change induced by the solvent additive
DIO was studied with plasmon mapping based on energy-
filtered transmission electron microscopy (EFTEM)?® on thin
films representative of solar cells (Figure 1). The corresponding
energy loss spectra for PCPDTBT, PC,,BM, and the blend films
(Figure S1 in SI) show that areas with the loss peak at ~25 eV
(black areas in Figure 1) are rich in PC,,BM.*° The morphology
without use of DIO is characterized by a highly intermixed
small-scale phase separation. Blend layers processed with 3 vol %
DIO reveal a higher contrast in the plasmon maps, indicating
purer polymer and fullerene phases, with an average domain
size of 10—20 nm.

The significant coarsening of the blend morphology with the
use of DIO is accompanied by the appearance of a distinct
shoulder at 800 nm in the optical absorption spectrum (see
Figure S1b, SI). This indicates stronger polymer aggregation
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Figure 1. Plasmon maps based on EFTEM images of thin films made
of 1/3 blends of PCPDTBT/PC,,BM (a) without additive and (b)
with 3 vol % DIO. The dark areas refer to PC,BM (see SI).
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Figure 2. (a) J—V characteristics measured under AM 1.5G at 100
mW/cm? from blends of PCPDTBT/PC,,BM processed with (red)
and without DIO (black). Also shown are the corresponding dark
currents (dashed lines + symbols) and the difference in the current
under illumination (blue line) between the two blends. (b) Left scale:
photocurrent for blends with (red) and without (black) DIO. Right
scale: total amount of extracted charge for blends with (red) and
without (black) DIO as a function prebias during excitation.
Transients were recorded with a delay time of 10 ns and a pulse
fluence of 0.2 yJ/cm? The inset shows the corresponding TDCF

transients for blends with additive and V,,,. ranging from —0.4 to 0.6 V.

and higher intrachain and interchain order within the polymer
aggregates.® Note that a higher crystallinity in the PCPDTBT
phase of PCPDTBT/PC,,BM blend layers processed with DIO
has been shown by X-ray diffraction experiments.'®>”

Figure 2a shows the solar cell characteristics measured under
AM 1.5G at 100 mW/cm? and the corresponding dark currents
for blends processed without and with DIO. For an active layer
thickness of around 100 nm, the performance data without (with)

the additive are J,. = 9.6 (13.9) mA/cm?, V, .= 0.66 (0.61) V,
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FF = 42 (54)%, and PCE = 2.6 (4.5)%. Thus, the main
increase in performance stems from the higher J,. and FF.
The solid blue line shows the difference between the -V
characteristics under illumination for devices processed with
and without the additive. The difference has a maximum at
around 0.2 V and vanishes at approximately —3 V, meaning that
approximately the same photogenerated charge is collected at the
electrodes at high negative bias under AM1.5 illumination."”

To address a possible field dependence of free carrier for-
mation, we performed TDCF experiments with variable prebias
(between —2 and 0.6 V) and a very short delay of 10 ns before
application of the collection bias (V. = —3 V). The short delay
time was chosen to prevent any losses due to non-geminate
recombination prior to the rapid extraction of carriers under
the strong collection field. M. A. Loi and co-workers recently stud-
ied the steady-state and transient fluorescence properties of
PCPDTBT/PC,,BM blends processed without the additive.
These measurements revealed a bias-independent CT exciton
lifetime of 480 ps.'> Their study also suggested that the forma-
tion of such emissive CT excitons proceeds via a weakly bound
PP precursor state, which sets the upper limit for the PP lifetime
to below 1 ns. This finding was confirmed by recent transient
absorption measurements by F. Laquai and co-workers on blends
processed with or without additive (unpublished results). These
experiments showed a fast subnanosecond decay of strongly
bound CT states with lifetimes similar to those reported by M. A.
Loi. In addition, blends prepared without the additive displayed a
decay component on the time scale of several nanoseconds,
which was attributed to the recombination of loosely bound
(or spatially trapped) PPs. Therefore, if field-assisted split up of
bound PPs is involved in free carrier formation, this process shall
be essentially completed before application of the collection bias
10 ns after photoexcitation. In other words, the amount of charge
extracted by the electrodes at short t; and different prebias
settings is a direct measure of the field dependence of free carrier
formation.

Figure 2b plots the total amount of collected charge Qi
(defined as the integral over the entire current transient) for
different values of V. for devices processed with and without
DIO. These measurements were performed with a wavelength
of identical absorption for both blends (see Figure S1b, SI).
Note that Q. is the total photogenerated charge that survives
geminate and non-geminate recombination and is extracted by
the electrodes in the course of the experiment at the specific
settings of ¢y and Vp,e.21 Two particularities can be attained from
these experiments. First, the total extracted charge increases with
increasing internal field for both blends, indicative of a field-
assisted formation of free charges via bound PPs. This finding is
in agreement with results presented by Jarzab et al. showing
reduced geminate recombination in PCPDTBT/PCBM blends
as the field is increased."® Second, the field dependence of
generation is stronger for blends without the additive. As a con-
sequence, the efficiency for free carrier generation at short-circuit
conditions is substantially larger with the additive, meaning
that geminate recombination is suppressed more strongly in
the DIO-processed blends. Our finding of a field-dependent
efficiency for free carrier formation is at variance with the results
from TAS experiments performed in the Durrant group
described above. These TAS experiments were performed at a
much higher fluence of 8 yJ/cm? and the probe pulse was
delayed by, at minimum, 50 ns. According to our measure-
ments, such high excitation densities lead to severe non-geminate
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recombination losses even for very short delay (see, e.g., Figures
S2 and S4, SI).

Interestingly, the field dependence of the free charge
generation efficiency expressed by Q,, agrees well with the
course of the photocurrent characteristics for both blends at
negative bias and explains the overall higher steady-state photo-
currents of the DIO-processed device (see Figures 2b and S3,
SI). At high reverse bias, the free carrier generation efficiency
becomes identical for both blends, which is the reason why both
photocurrent characteristics merge at negative voltages. Strong
derivations are, however, measured when the bias approaches
open-circuit conditions, which we attribute to losses by non-
geminate recombination. These derivations are more pro-
nounced, and they become obvious at a more negative bias for
devices processed without DIO, meaning that non-geminate
recombination losses largely determine the photovoltaic proper-
ties of these blends at solar cell working conditions.

To address the kinetics of non-geminate recombination, we
performed experiments with increasing time delay t; (in steps
of At) between the generation and collection of charge carriers.
Integration of the transients during delay and during collec-
tion yielded the quantities Qpre(td) and Q. (ts), respec-
tively, with Qo (ta) = Qpre(ta) + Quon(ta)- Figure 3 shows the

1.04 i
o 0.8 1
2 ™
©
S5 0.6-|wlo with -l
3 o = Qpre
N 044 = Qtot 1
g = Qecoll
2 021 B O 7
. 8
0.0{ me® ® 1
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Figure 3. Values for Q,.(ts), Qeon(ta), and Quu(ts) as determined from
TDCEF transients recorded for a prebias of 0.3 V as a function of delay
time for blends with (filled symbols) and without (open symbols)
DIO and corresponding BMR fits (solid lines) according to eq S1 in
the SL The values are normalized to the initially generated charge.

dependence of these quantities as a function of delay time for
blends processed without and with the additive for V,,,, set to
0.3 V. The increase of Q. with 4 is due to field-induced extrac-
tion of photogenerated carriers at pre-bias conditions, leaving
less charge available when the collection bias is switched on.
Clearly, extraction is more rapid in blends with DIO, leaving
fewer charge carriers in the device after a certain delay to
recombine. This confirms that the morphology of the blend
processed with the additive enables faster extraction of
photogenerated charge carriers.

For both blends, a decrease of the total extracted charge is
seen already for short delay times of a few tens of nanoseconds,
indicating efficient non-geminate recombination. As shown in
Figure S4 (SI), a weak decay of Q,, with delay time is observed
even for V. = 0 V, meaning that losses due to free carrier
recombination cannot be neglected at short-circuit conditions.
This is in accordance with the results by Li et al,, providing
evidence that the photocurrent is hampered by extraction.'®

All data sets of Qpre(td) and Q_;(t5) have been analyzed by
an iterative scheme described in the SI to yield the kinetics
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Figure 4. Left scale: BMR coefficient ypyp for blends with (red filled
squares) and without (black open circles) additive, estimated from the
fits of TDCF transients with variable delay times between the laser
pulse and collection bias to eq S1 (SI) for different prebias. The
excitation fluence was 0.5 yJ/cm®. The corresponding fits can be found
in Figure S4 (SI). Right scale: Langevin reduction factor {(F) for
blends with (red dashed line) and without (black dashed line) DIO,
estimated from the measured field dependence of mobility.

of non-geminate recombination (see Figure S4 (SI) for further
data and fits). Interestingly, excellent fit to the data was possible
when assuming BMR. The BMR coefficients ypyp extracted
from these fits are plotted in Figure 4 parameterized in V.
The values for both blends are rather high, ranging from 3.5 to
9.2 X 107'7 m®/s at short and open circuit, respectively. This is
more than 1 order of magnitude higher than BMR coefficients
measured with TDCF on the annealed P3HT/PCBM system,”"
meaning that non-geminate recombination is very fast in the
PCPDTBT/PC;,BM blend. Interestingly, the absolute value of
the coefficient is not altered by the additive. The overall BMR
coefficients reported here are higher than those determined by
quasi-steady-state TPV measurements when the charge carrier
density is set to 5 X 10'® cm™ for both blends.'® We assume that
initially created “hot” charge carriers have a slightly higher
mobility and, therefore, a higher recombination rate compared to
that of energetically relaxed charge carriers as measured by TPV.

Notably, the BMR coefficient increases with prebias by a
factor of 3 when approaching V. As the BMR coefficient is
linearly proportional to the drift mobility of electrons and holes,
we have determined its field dependence by analyzing photo-
CELIV and TDCEF transients. The effective field in the photo-
CELIV experiments was varied by changing the slope of the
voltage ramp, which started 2 yis after the laser pulse. Mobilities
were determined by the analysis of the photo-CELIV transients
according to Bange et al.** No change in the mobility values was
seen when varying the delay time between the laser pulse and
voltage ramping between 0.1 and 2 ps, ruling out a pronounced
mobility relaxation at times larger than 100 ns after photo-
excitation. For the TDCF measurements, the delay time was
set to 100 ns, and the collection voltage was varied from 0.5 to
1.5 V. A lower collection bias caused strong non-geminate
recombination during collection, while photocurrent decays at
higher biases were limited by the RC time of the setup. Mobility
values have been derived from the initial slopes of the
photocurrent decays. Flat band was assumed to be at the bias
V, of zero photocurrent, which is 20—30 mV higher than v,
The so-obtained mobilities are plotted in Figure 5. It was
recently shown that the electron mobility in PCPDTBT/PCBM
blends is higher than the hole mobility.”® Therefore, we assume
that the mobilities shown in Figure S correspond to electron
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Figure S. Field-dependent mobilities determined from photo-CELIV
(full or open symbols) and TDCF (half-filled symbols) measurements
covering a wide range of electrical field on blends processed with (red)
or without the additive (black). The dashed lines are guides to the
eyes. The gray areas indicate the fields at ], and extraction at —3 V.
The crosses show relaxed electron mobilities at the corresponding
fields of 0.2 and —3 V, which gave the best fit to complete TDCF
transients with a drift diffusion model in Figure SS (SI).

mobilities. First, the mobility is seen to be three to four times
higher with the additive. Second, both blends show a strong
negative dependence on electric field, as is characteristic for
materials with high spatial disorder.”® Mobilities with a nega-
tive field dependence have occasionally been observed in TOF
or CELIV experiments on high mobility materials.”*** Note
that space charge limited current (SCLC) measurements on
PCPDTBT/PCBM blends processed without the additive were
modeled with a mobility that increased with bias (and carrier
density).”® These unipolar current measurements analyze the
flow of charges injected via ohmic contacts at forward bias in the
dark. It has been shown recently that the density of injected
carriers at bias voltages larger than V. might well exceed the
photogenerated charge carrier density created under solar cell
illumination conditions.>® Therefore, mobilities extracted from
SCLC measurements should be used with care when interpret-
ing the field dependence of extraction and recombination of
photogenerated carriers at voltages below flat band conditions.
Drift—diffusion simulations of entire TDCF transients were
performed to verify the mobility values and the negative field
dependence recorded in our measurements. Exemplary fits are
shown in Figure S5 (SI) for a prebias of 0.2 V, a collection bias
of =3 V, and four different delay times. Values for the BMR
coefficient at the corresponding fields were taken from Figure S.
Best fits were obtained with electron mobilities comparable or
slightly higher than the ones plotted in Figure S and using hole
mobilities that were 2—3 times smaller than the electron
mobilities. The fit to the initial rise and decay of the TDCF
transients could be considerably improved by considering a
modest mobility relaxation®*** within the first 50 ns. The
agreement between the simulated and measured transients is
excellent, considering that the delay time was varied over a wide
range from 10 to 400 ns.

We propose that the negative field dependence of electron
and hole mobility is the main cause for the increase in the BMR
coefficient with decreasing internal field (increasing device
bias). This is demonstrated by the field dependence of the
measured Langevin reduction factor {(F) = ypyr(F)/yL(F),
with y; = e(u.(F) + uy(F))/¢e €, the Langevin-type three-
dimensional recombination coefficient. As shown in Figure 4,
{(F) changes only gradually with bias, meaning that the field
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dependence of the BMR coefficient is mainly caused by field-
dependent mobilities. In the calculation, electron mobilities were
taken from Figure S, and hole mobilities were derived from the
TDCE transient fits, with an identical field dependence as that for
electrons. Note that {(F) is ~3 times lower for devices processed
with the additive, meaning that the formation of phase-separated
domains of rather pure components slows down BMR.

It was pointed out that a pronounced dependence of the
mobility on charge carrier density might cause an increase of the
BMR coefficient when approximating open-circuit conditions.**
With decreasing internal field, the overall carrier density be-
comes higher due to slower extraction of the photogenerated
charge. However, charge-density-dependent mobility measure-
ments with photo-CELIV and cw backlight illumination (data
not shown) did not show a significant increase in mobility up to
1 sun illumination conditions in our blends. We also performed
TDCF experiments with the pulsed excitation density ranging
from 0.2 to 0.5 pJ/cm® In this range, the BMR coefficient was
not significantly altered by the pulsed intensity. We, therefore,
conclude that carrier mobilities and, with that, non-geminate
recombination coefficients in our PCPDTBT/PCBM blends
exhibit an only modest dependence on carrier concentration at
solar cell working conditions.

In summary, we have performed measurements of the charge
carrier dynamics in solar cells composed of 1:3 blends of
PCPDTBT/PC,,BM processed with and without the additive
DIO utilizing the techniques of TDCF and photo-CELIV. In
contrast to the well-known P3HT/PCBM system, we found
that the generation of charge carriers is field-dependent in
PCPDTBT/PC,,BM blends, with the dependence being stronger
without the additive. The BMR coefficient increases from 3 to
9 X 107" m®/s when the internal field decreases from short- to
open-circuit conditions. The coefficient by itself is not altered by
the additive when compared at the same bias. Compared to
P3HT/PCBM, the BMR coefficient and also the Langevin
reduction factor is 1 order of magnitude higher in PCPDTBT/
PC,,BM blends. The additive speeds up the extraction of charge
carriers, which is rationalized by the three-fold increase in
mobility in the blends with DIO. Blends processed with and
without DIO exhibit a strong negative field dependence of
mobility, which is proposed to cause the observed increase in
the BMR coefficient when approaching open-circuit conditions.
All together, the improvement in charge carrier generation and
extraction is identified to cause the two-fold increase in per-
formance when using the additive. The overall moderate per-
formance of the PCPDTBT blends, even when processed with
DIO, is proposed to arise from the field-dependent generation of
free carriers and the rather high recombination coefficients, which
even increase at low internal fields.

B ASSOCIATED CONTENT
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Details on sample fabrication and measurement techniques,
electron energy loss spectra, and thin film absorption, Q,, and
EQEs from TDCF measurements with different pulse fluences,
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ABSTRACT: A novel fluorinated copolymer (F-PCPDTBT) is
introduced and shown to exhibit significantly higher power
conversion efficiency in bulk heterojunction solar cells with

= 2 |

PC,BM compared to the well-known low-band-gap polymer /{&Q)\«is\‘ﬁ(};
PCPDTBT. Fluorination lowers the polymer HOMO level, resulting ' ~
in high open-circuit voltages well exceeding 0.7 V. Optical -

. . . £
spectroscopy and morphological studies with energy-resolved 2
transmission electron microscopy reveal that the fluorinated polymer =
aggregates more strongly in pristine and blended layers, with a § s I I I
smaller amount of additives needed to achieve optimum device 3. b
performance. Time-delayed collection field and charge extraction by 3. ~6.16%|

Bimolecular Geminate

linearly increasing voltage are used to gain insight into the effect of - e ™ ot g
fluorination on the field dependence of free charge-carrier generation

and recombination. F-PCPDTBT is shown to exhibit a significantly weaker field dependence of free charge-carrier generation
combined with an overall larger amount of free charges, meaning that geminate recombination is greatly reduced. Additionally, a
3-fold reduction in non-geminate recombination is measured compared to optimized PCPDTBT blends. As a consequence of
reduced non-geminate recombination, the performance of optimized blends of fluorinated PCPDTBT with PC,,BM is largely
determined by the field dependence of free-carrier generation, and this field dependence is considerably weaker compared to that
of blends comprising the non-fluorinated polymer. For these optimized blends, a short-circuit current of 14 mA/cm? an open-
circuit voltage of 0.74 V, and a fill factor of 58% are achieved, giving a highest energy conversion efliciency of 6.16%. The superior
device performance and the low band-gap render this new polymer highly promising for the construction of efficient polymer-
based tandem solar cells.

B INTRODUCTION improve matching of the polymer absorption with the sun
L. s 6,9,10
spectrum, resultlng in higher short-circuit currents (]sc).

A dramatic improvement in the efficiency of bulk hetero-
Control over the blend morphology has been achieved with the

junction (BHJ) solar cells based on electron-donating =
help of solvent additives.”'*™"?

conjugated polymers in combination with soluble fullerene €p ob solvent additives. = ]

derivatives has been achieved over the past 3 years. Certified One of these copolymel:s 1.s Poly[2,6—(4,4—bls(2-ethylhexyl) .

power conversion efficiencies (PCEs) now reach 9% for single 4H-cyclopenta(2,1-b;3,4-b"] dithiophene)-alt-4,7-(2,1,3-benzo-

junctions and exceed the 10% benchmark for tandem solar thiadiazole)] (PCPDTBT),14153.1I]6d its silicon- ang germanium-
cells.' ™ This trend brightens the vision of organic photo- bridged derivatives, PSBTBT > and PGel-EH,  respectively.
voltaics becoming competitive with inorganic solar cells. Most These polymers have low band-gaps of around 1.45 eV. Blends
such high-performance cells comprise donor—acceptor (DA) with PC;BM  exhibit high external quantum efficiencies
copolymers following the concept introduced by Wynberg and throughout the entire visible spectrum extending up to 800
co-workers.* The introduction of adequate donor and acceptor nm, resulting in one of the highest J,. values yet reported for

units led to lower polymer highest molecular orbital (HOMO) BHJ single-junction cells”'® and PCEs of 4.5-5.5% for
energies for enhanced open-circuit voltage (V,.) in blends with

[6,6]-phenyl C,y-butyric acid methyl ester (PC,oBM).>”® In Received: May 24, 2012
parallel, the copolymer band-gap was continuously reduced to Published: August 6, 2012
W ACS Publications  © 2012 American Chemical Society 14932 dx.doi.org/10.1021/ja305039j | J. Am. Chem. Soc. 2012, 134, 1493214944
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PCPDTBT.'"'"> PCPDTBT and PSBTBT have also been used
to form the red- to near-infrared-absorbing subcell in state-of-
the-art polymer tandem solar cells.'”*® A major drawback of
PCPDTBT in blends with PC,,BM is the moderate fill factor
(FF), caused by strong non-geminate recombination and a
significantly field-dependent generation of free charge-
carriers.”’ ~** Also, the V. is only moderate due to the high-
lying HOMO level of PCPDTBT. Thus, further improvement
of the PCE requires that both the V_. and the FF can be
enlarged without deteriorating the favorable optical properties
and high internal quantum efficiencies of these polymer blends.

Recently, the V. of blend devices comprising PCPDTBT or
PSBTBT was increased by altering the chemical nature of the
electron deficient unit of these DA copolymers. These
alterations were motivated by the work of Blouin et al, who
showed that replacing the 2,1,3-benzothiadiazole (BT) unit by
2,1,3-benzoxadiazole (BO) simultaneously lowers the HOMO
and LUMO energy.”* Hoven et al. designed a PSBTBO
polymer with slightly larger V,. compared to PSBTBT.>> The
overall performance, however, was limited to below 5% due to a
lower FF and ], and no overall improvement was achieved by
replacing the BT with the BO unit. Also Bijleveld et al
synthesized a variety of PCPDT-X polymers.”® They found a
superior performance of PCPDTBO against PCPDTBT due to
a higher open V,_ and higher FF, resulting in a PCE of 2.5% vs
1.9%, respectively. Again, the J. and the EQE in the near-IR
were lower with BO, and no attempt was made to optimize the
blend morphology with solvent additives.

An alternative strategy to improve the V,_is to attach fluorine
atoms to the electron-deficient subunits of low-band-gap DA
copolymers.>*”*® 1t was shown that this approach simulta-
neously lowers the HOMO and LUMO level energies, while
having no or only minor effect on the optical band-gap.>”***
Accordingly, BHJ solar cells comprising these fluorinated
copolymers in combination with electron-accepting soluble
fullerenes exhibited higher V.. than blends with the
corresponding non-fluorinated derivatives.>”*”*°~** Surpris-
ingly, fluorination also improved the J. values™”?%*133 and the
FFs.>”?°7** These improvements have been explained by high
hole mobilities and/or a specific phase-separated morphology
of such blends.

In this work, we describe the synthesis and characterization
of a novel polymer, poly[2,6-(4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(5-fluoro-2,1,3-
benzothiadiazole)] (F-PCPDTBT), formed by the attachment
of fluorine to the BT unit of PCPDTBT. Fluorinated
benzothiadiazole was first introduced by Li et al. as a new
electron-deficient unit in DA copolymers.>® Due to the strong
impact of molecular weight (MW) on solar cell perform-
ance,”'"'? the polymers PCPDTBT and F-PCPDTBT were
synthesized with equivalent MW and compared in blends with
PC,BM with regard to solar cell performance and charge-
carrier dynamics. Using the techniques of time-delayed
collection field (TDCF) and photocharge extraction by linearly
increasing voltage (photo-CELIV), conclusive information on
the field dependence of charge-carrier generation and non-
geminate recombination as well as on transport properties was
derived. Plasmon mapping based on energy-filtered trans-
mission electron microscopy (TEM) and ultraviolet photo-
electron spectroscopy (UPS) was applied to study the impact of
fluorination on the morphology and electronic structure of the
blend.

The new polymer F-PCPDTBT shows a lower-lying HOMO
level, resulting in a major increase of the V,. to 0.74 V in
additive-optimized blends compared to 0.61 V for PCPDTBT.
More importantly, the FF and J,. increase from 50% to 59% and
from 11.5 to 13.8 mA/cm?, respectively, which is explained by
reduced geminate and non-geminate recombination. In total,
fluorination improves the PCE from 3.6% to 6.0% for
equivalent MW and preparation conditions. Further optimiza-
tion of the blend ratio and active layer thickness lead to a PCE
of 6.16% for F-PCPDTBT:PC,,BM blends. We note that this is
below the efliciencies of state-of-the-art single-junction solar
cells reported for other polymer:fullerene blends.5~%'%3*
However, the large V. in combination with a high quantum
efficiency in the near-IR makes F-PCPDTBT extremely
attractive for application in polymer tandem solar cells.
Published record values for such devices are currently around
8.6%, using the polymer PBDTT-DPP. The extended
absorption range and the superior EQE of F-PCPDTBT-
based blends compared to the currently best-performing
PBDTT-DPP polymer may allow considerable improvement
of the overall tandem device performance.’®

B SYNTHESIS

The alternating copolymers poly[2,6-(4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole) ]
(PCPDTBT), here referred to as P—H) and poly[2,6-(4,4-bis(2-
ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b' ]dithiophene)-alt-4,7-(S-fluoro-
2,1,3-benzothiadiazole] (F-PCPDTBT, here referred to as P—F) were
synthesized by microwave-assisted Stille cross-coupling polymer-
ization’ as outlined in Scheme 1. The preparations of the bis-

Scheme 1. Synthesis of PCPDTBT (P—H) from Monomers
1 and 2 and F-PCPDTBT (P—F) from Monomers 1 and 3

PCPDTBT = P-H

MesSn S / S Me;Sn
5% Pd(PPha)s,
xylene F-PCPDTBT=P-F
+ microwave
2;R=H
R 3R=F
Br Br
N N
Ng”

stannylated cyc103pentadithjophene14‘36 (1) and the 4,7-dibromo-2,1,3-
benzothiadiazole®®*” (2) were adapted from literature procedures.
The 4,7-dibromo-S-fluoro-2,1,3-benzothiadiazole (3) was synthesized
starting from 4-fluoro-1,2-phenylenediamine. The ring-closure reaction
was done with thionyl chloride, following a bromination with HBr and
bromine which is described in the Supporting Information (SI). A
stoichiometric ratio of 1:1.1S was applied for the microwave
polymerization reaction. The number-average molecular weight (M,)
is around 10 kg/mol with a polydispersity of 2 for both polymers (P—
H and P—F) as determined by high-temperature gel permeation
chromatography (GPC) at 135 °C in trichlorobenzene (see Table 1).
The attachment of fluorine to the BT unit leads to a more rigid
polymer backbone, which reduces its solubility in organic solvents.
Differential scanning calorimetry (DSC) measurements did not show
any transition peaks for both polymers in temperature range between 0

dx.doi.org/10.1021/ja305039j | J. Am. Chem. Soc. 2012, 134, 14932—14944
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Table 1. Characterization of the Polymers P—H and P—F Together with Optical, Transport, and Electronic Properties

yield [%] M, [g/mol] PDI® A, [om] @, [cm™!]
P-H 51 10950 2.09 742 1.67 x 10°
P—-F 67 10128 2.13 767 1.96 x 10°

Aonse” [nm] Egopte [eV] IE/ [eV] gy per® [em®/(Vis)] py SCLCh [em?/(V-s)]
855 1451 5.25
858 1.446 5.35

1.0 x 107*
0.6 X 107*

14 x 1073
1.0 x 1073

“Number-average molecular weight. bPolydispersity index. “Wavelength of maximum absorption in thin films (see SI). 9Absorption coefficient
deduced from thin-film absorption. “Determined by the onset of thin-film absorption, indicated by the arrows in Figure $5./Data obtained from UPS
measurements of pure polymer films on PEDOT:PSS substrates. €In-plane hole mobility measured with field effect transistors (see SI). "Vertical

hole mobility deduced from space-charge-limited currents (see SI).

and 270 °C. Thermogravimetric analysis demonstrated high thermal
stability of P—F, with only 1 wt % loss at 400 °C as shown in the SL

B ELECTRONIC PROPERTIES OF THE POLYMERS IN
THE PRISTINE AND BLEND LAYERS

As reported for other DA copolymers, fluorination lowers the

polymer ionization energy (IE) in both pristine and blend

layers. Figure 1a)b shows the secondary electron cutoff and the

i a b
P-FIPC, BM ) )P—F.'PCMBM
R E__ =0.40 eV
-
P-HIPC, BM
Slo =470 ev P-HIPC BM

E =0.50 eV|

onset

P-F

E,.. =0.50 eV

intensity [a.u.]
E
"
——

P-H
E  ..=055eV

on

PEDOT:PSS

= 5.00 eV f PEDOT:PSS

42 44 46 48 50 52 4 3 2 1 0=E
work function [eV] binding energy [eV]
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0.3eV

c) d)
3.8 6V

PEDOT:PSS PF .

50eV 5.0eV

Figure 1. (a,b) Ultraviolet photoelectron spectra of ITO/PEDOT:PSS
substrates covered with P—H (black) and P—F (red) and in additive
optimized blends of P—H/PC,,BM (black) and P—F/PC,,BM (red):
(a) the secondary electron cutoff and (b) the valence band region.
Also shown is the energy level alignment diagram (with the IE shown
as the dashed line) for ITO/PEDOT:PSS substrates covered with
pristine (c) P—H and (d) P—F.

valence band (VB) region of pristine P—H and P—F films on
PEDOT:PSS and of polymer/PC,,BM blends processed with
3% diiodooctane (DIO) for P—H and 1% DIO for P—F (these
concentrations were found to give optimum solar cell
performance as outlined in detail below). The work function
(®) of the PEDOT:PSS layer was 5.0 eV. Compared to the
PEDOT:PSS covered substrate, @ for the polymer-coated
samples is smaller by 0.30 (P—H) and 0.15 eV (P—F). From
the pristine polymer spectra the VB onset was found at 0.55
and 0.50 eV below the substrate Fermi energy (Eg) for P—H

and P—F, respectively. Combining these data results in an IE of
525 eV for P—H and 5.35 eV for P—F, meaning that the
position of the VB onset is 0.1 eV deeper with fluorination (see
Figure 1c,d for the respective energy schemes). The position of
the conduction band (CB) onset is estimated by setting the
energetic difference between the CB and the VB onsets to the
optical band-gab Eg,. (see Table 1). Similar values for the IE
compared to the pristine polymer films are obtained for
polymer/PC7BM blend films (IEp_g(pjenqy = 5-20 €V and
IEp_g(blend) = 5-35 €V). Assuming that there is no surface dipole
layer formation between the polymer and the fullerene-rich
domains, P—F has a 0.1 eV larger energetic offset between the
VB onset of the polymer and the LUMO of PC,,BM compared
to P—H. Note that the UPS spectra of the blend films in the
low binding energy region are dominated by features from the
polymer, and no features attributed to the molecular levels of
PC,(BM are observed. We conclude that the topmost layer of
the blend films consists only of the pristine polymers.

Bl OPTICAL PROPERTIES OF PRISTINE POLYMER
AND BLEND LAYERS

Non-normalized absorption spectra of P-H/PC,,BM and P—

F/PC,,BM blend films with a thickness of 100 nm processed

with different amounts of DIO are displayed in Figure 2. As has

0.10 T T T .
500 600 700 800 900
Wavelength [nm]

o ‘ —
0301y b) - A
\ 7~ \j—“ A\:ﬁ

500 600 700 800 900
Wavelength [nm]

Figure 2. Absorption spectra (not normalized) from 100 nm thick
films of polymers P—H (a) and P—F (b) blended with PC,,BM in a
1:3 weight ratio processed without DIO (dots), with 1% DIO (dashed
lines), and with 3% DIO (solid lines).
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been reported before, adding DIO to P—-H/PC,,BM
continuously increases the strength of the low-energy polymer
absorption centered around 800 nm, which is explained by a
higher degree of intra- and interchain ordering.‘?’8 Recent in situ
X-ray studies revealed that the solvent additive promotes the
formation of polymer crystallites during prolonged film
drying.** These effects are more pronounced for the P—F-
based blends, with the long-wavelength peak dominating the
spectra already at a DIO concentration of 1%, indicating a high
tendency of the P—F chains to aggregate even in presence of
PC,,BM. A higher tendency for chain aggregation is indicated
in absorption spectra taken on the pristine polymers in solution
and solid states, as shown in Figure SS in the SI Son et al.
reported improved intermolecular order in pristine layers of
fluorinated polythienothiophene-co-benzodithiophenes
(PTBs).** It was proposed that the fluorinated polymers
exhibit a more planar backbone conformation, allowing for a
more regular packing in the solid state. The authors further
suggested that intermolecular interaction might be enhanced
upon F-attachment via the interaction of fluorinated electron-
deficient units and electron-rich aromatic rings. Strong
intermolecular interaction was proposed by Li et al. to cause
a reduced stacking distance in pristine layers of fluorinated
BDT:BT copolymers.”> We also note the overall higher
absorbance of blends with P—F for comparable thickness and
processing conditions, which is particularly evident in the
wavelength range dominated by the polymer. As this effect is
seen also in the solution- and solid-state spectra of the pristine
layers, we explain this feature on the basis of the higher
absorption cross section of the fluorinated chains. Higher
absorption coefficients of fluorinated DA copolymers in
solution or solid state have been shown by others, 31 but a
conclusive explanation for this enhancement is still missing.
Peak positions and absorption coeflicients for the pristine and
the blend layers are summarized in Tables 1 and 2. As a

Table 2. Optical Characterization of Polymers P—H and P—
F Blended with PC,,BM, Processed with Different Amounts
of Additive

DIO Amax1 Ao 1 Amaxa” A

[9%] [ [10*en] [Fiven] [10%m"]
P—-H 0 754 5.69 692 S5.14
P-H 1 777 6.06 696 541
P—-H 3 788 6.24 730 5.84
P—F 0 758 593 692 5.38
P—F 1 782 7.01 709 6.04
P-F 3 777 6.87 702 6.66

“This spectral feature appears as a shoulder in the spectra of the layers
processed without DIO.

combined effect of a higher absorption cross section and
improved aggregation, blends comprising F-PCPDTBT exhibit
higher solid-state absorption coeflicients, especially in the red
part of the spectrum. Note that the optical band-gap of the
solid pristine polymers (determined by extrapolation of the
linear decay of absorption around 810 nm to zero absorbance
as indicated by the arrows in Figure SS) is almost unchanged
upon fluorination, despite a 0.1 eV increase of the IE upon
fluorination. This is in accordance with previous reports on

other fluorinated DA copolymers.>”>?

B MORPHOLOGICAL PROPERTIES OF THE BLEND
LAYERS

To analyze the effect of fluorination on the morphology of
blends layers with PC,,BM, we E)erformed plasmon mapping
based on energy-filtered TEM.***" For blends of materials with
low degree of crystallinity, conventional TEM relies mainly on
the mass density contrast. In contrast, the method employed
here makes use of the different characteristic plasmon energies
of the two active blend components to identify polymer- and
fullerene-rich domains with high spatial resolution. Figure 3
shows the corresponding plasmon maps for both PCPDTBT
and F-PCPDTBT-based blends processed with different
amounts of DIO. These figures plot the energy of the
maximum plasmon absorption for each lateral coordinate.
Reference measurements on pristine layers showed that the
energy of maximum plasmon absorption is 25.1 eV for pure
PC,,BM, 22.4 €V for the pure P=H,>* and 22.2 €V for P—F.
Thus, the black areas in Figure 3 refer to PC,,BM-rich
domains. For both P—H and P—F, the images show that the
phase separation coarsens with increasing amount of the
additive, which is in agreement with earlier studies on P—H-
based blends using conventional TEM under defocusing
conditions.'>"'®

To quantify the structural heterogeneity of the blends, the
plasmon maps have been analyzed with regard to the mean
areas of domains that are polymer- and PCBM-rich (with
respect to the composition of a homogeneous 1:3 mixture of
both components). These values are plotted in Table 3. Details
of the analysis and histograms showing the number of pixels
with a certain plasmon energy can be found in the SI. These
data prove consistently that fluorination enforces the formation
of more extended and purer polymer-rich phases. We attribute
this to the stronger tendency of the F-PCPDTBT to aggregate,
as outlined above. Noticeably, only 1% of DIO needs to be
added to the P—F-based blend to induce a polymer-rich
domain area as large as that in the optimized P—H blend
processed with 3% DIO. Fluorination also affects the size and
purity of the fullerene-rich domains, though this effect becomes
less pronounced with increasing DIO concentration. Mean
areas of the polymer and fullerene-rich domains are largest for
the P—F blend processed with 3% DIO. It has been pointed out
by Son et al. that fluorination of the donor polymer introduces
fluorophobility for PCBM, enforcing phase separation between
the donor and acceptor components in the blend layer.>
Improved phase separation into purer and larger domains was
also reported for blends of other fluorinated DA copolymers
with PCBM.****** Note that the domain areas listed in Table 3
have been deduced from TEM images which constitute 2D
projections of the true 3D bulk morphology. Therefore, the
analysis of such pictures underestimates the true domain area.
In fact, PCPDTBT crystal sizes larger than 10 nm have been
reported in DIO-processed P—H blends.*>*

Bl BHJ SOLAR CELL CHARACTERISTICS

Figure 4a shows the steady-state solar cell characteristics
measured under simulated AM 1.5G with 100 mW/cm? for the
two polymers blended with PC,BM and processed with
different amounts of DIO. The corresponding performance
data are listed in Table 4. Values for P—H-based blends are
lower than state-of-the-art reports with high-molecular-weight
polymers'"'>'® but compare well to efficiencies for blends with
PCPDTBT of similar MW.” Upon fluorination V. is increased
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PC70BM/P-H 0%

PC7oBM/P-F 0%

Figure 3. Plasmon mapping based on energy-filtered TEM of films made from blends of P—H (upper panel) and P—F (lower panel) with PC,BM
at a 1:3 weight ratio and processed with different concentrations of DIO. The amount of DIO was 0, 1, and 3% for the images displayed in the left,
middle, and right columns, respectively. The scale bar is the energy of maximum plasmon absorption (energy loss), where dark areas refer to

PC,,BM-rich phases (see text and SI).

Table 3. Mean Area of the Domains Assigned to the
Polymer- or PCBM-Rich Phase for P—H and P—F Blended
with PC,,BM, Processed with Different Amounts of Additive

domain area® [nm?]

DIO [%] polymer PC,,BM
P-H 0 st 9.9
P-H 1 8.4 21
P-H 3 139 47
P—F 0 115 162
P—F 1 147 283
P—F 3 182 50

9See SI for the details on the calculation of the domain area. YA
domain area of § nm? is close to the size of one pixel (2 nm?) in the
plamon maps, meaning that within the resolution of the experiment
the P—H:PC,,BM blend processed without DIO is a homogeneous
mixture of the two components.

by ~130 mV. Within the accuracy of the UPS measurement,
the increase in V. corresponds well to the increase in polymer
IE upon fluorine attachment, which is 100 meV for the pristine
layer and 150 meV for the blend.

In accordance with the absorption and TEM data, the
optimum amount of processing additive is reduced from 3% to
1% due to the stronger tendency of P—F to aggregate.
Importantly, also the ], of the additive-optimized blend with
P—F is significantly higher (13.8 mA/ cm? for P—F with 1%
DIO compared to 11.46 mA/ cm? for P—H with 3% DIO). This
higher current can be related to an enlarged EQE throughout
the entire absorption range as shown in Figure 4b, approaching
values of 50% between 400—500 and 700—800 nm. Note that
the mean EQE of our optimized P—F blend is 10% larger
compared to that of the optimized blend with P—H of almost

84 a) P-H P-F DIO| 1

Current Density [mA/cm?]

02 00 02 04 06 08
Voltage [V]

S0 T T T T

0 T T T T T
300 400 500 600 700 800
Wavelength [nm]

Figure 4. (a) Solar cell characteristics measured under simulated AM
1.5G irradiation with 100 mW/cm? (corrected for spectral mismatch)
for 100 nm thick blends of P—H (black) and P—F (red) with PC.,BM
(1:3 ratio), processed without DIO (lines + open circles), with 1%
DIO (solid lines), and with 3% DIO (lines + filled circles). The dashed
line shows data for a P—F:PC,,BM blend with an optimized blend
ratio of 1:2.5, a DIO concentration of 1%, and a ca. 90 nm active layer
thickness. (b) Corresponding external quantum efficiency spectra.
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Table 4. Photovoltaic Properties and Characteristic
Parameters Describing the Generation, Transport, and
Recombination of the Polymers P—H and P—F in 1:3 Blends

with PC,,BM
DIO I v, FE* PCE“
[%] [mA/cm’] [mV] [%] [%]
P-H 0 8.05 677 40.3 220
P-H 1 10.39 640 46.5 3.09
P-H 3 11.46 610 50.3 3.51 (3.59)
P-F 0 11.01 751 412 340
P-F 1 13.83 731 58.6 (59.6)  5.92 (5.98)
P-F® 1 14.08 740 58.0 6.04 (6.16)
P-F 3 9.85 722 60.3 428

“Data have been averaged over 6 devices; the performance of the best
device is given in parentheses. Standard deviation of PCE was less than
0.06. *Optimized device with a blend ratio of 1:2.5 and an active layer
thickness of ~90 nm.

identical MW and still 5% larger than the mean EQE measured
on blends with higher-MW P—H.** Optical simulations with a
transfer matrix formalism (not shown here) revealed that the
higher absorption coeflicients of the fluorinated blends raise the
fraction of photons absorbed in the active layer only slightly,
meaning that fluorination must also increase the efficiency of
converting an absorbed photon into an extracted carrier. As
outlined in the Introduction, higher J,. values and EQEs have
occasionally been reported for blends of other fluorinated DA
copolymers with PCBM.>”3%3%33

In addition to a higher J,. and EQE, the fluorination increases
the FF by almost 10% in additive optimized solar cells with the
same MW. The FFs of all our P—F-based DIO processed
blends actually exceed the highest value (55%) ever reported
for high-MW PCPDTBT."

A further improvement of the P—F:PC,;BM blend perform-
ance was achieved by slightly decreasing the active layer
thickness*™ and by using a 1:2.5 (instead of 1:3) blend ratio,
allowing the blend to absorb more strongly in the red to
infrared part of the spectrum. We note that FF is not
significantly altered when the blend ratio is varied between 1:3
and 1:2.5. Thus, we presume that the charge-carrier dynamics is
only weakly affected by the small change in blend ratio. These
optimized blends exhibited PCEs of up to 6.16% (6.04% on
average), meaning that P—F outperforms high-molecular-
weight PCPDTBT'"'* and PSBTBT.'%**

B CHARGE-CARRIER GENERATION AND
RECOMBINATION

To shed some light on the fundamental processes causing the
observed increase in J,. and FF upon fluorination, we studied
the efficiency for free-carrier formation and recombination
using TDCF measurements.** The measurement scheme is
outlined in the SI. With TDCF, charges are generated with a
nanosecond laser pulse at voltages (pre-bias, V,,.) typical for
solar cell operation. After a defined delay time a high constant
reverse bias (collection bias, V) is applied to extract all laser-
generated charges which did not undergo recombination or
which had not been extracted during the delay. Performing
experiments with different pre-bias and delay time allows us to
assess both the efficiency of free-carrier formation and non-
geminate recombination as functions of bias.”>*¢

Field Dependence of Free-Carrier Generation. To
address the effect of electric field on the generation of free

carriers from the splitting of bound polaron pairs (PPs), TDCF
experiments must be conducted under conditions where
significant non-geminate recombination losses during delay
and extraction are absent. It was shown before that free-carrier
generation from either hot excitons or bound PPs in
PCPDTBT is fully completed within a few nanoseconds after
pulsed illumination.*’ =% Our previous TDCF studies on high-
molecular-weight PCPDTBT showed that non-geminate
recombination is insignificant within the first few tens of
nanoseconds after excitation at moderate pulse fluences.*> This
was also proven by the linear dependence of the extracted
charge on pulse fluence when setting the delay to 10 ns.** In
this linear range the pulse fluence can be adjusted to create
charge-carrier densities being comparable to 1 sun steady-state
conditions.”" Performing TDCF measurements in this range
with different pre-bias and a short delay time between laser
pulse and extraction, therefore, allows us to directly address the
field dependence of free charge-carrier generation.

Figure Sa shows the total extracted charge Q,, (being the
integral over the whole current transient) versus applied bias
during generation for a delay time of 10 ns. As non-geminate
recombination is insignificant under these conditions, Q, is a
direct measure of the free charge generated by the laser pulse at
a given bias in competition with geminate recombination. By
normalizing the generated charge to the respective value at the
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Figure 5. (a) Total extracted charge Q,, deduced from TDCF
measurements with 10 ns delay and 0.25 uJ/cm” pulse fluence as a
function of pre-bias. Blends with P—H (black) and with P—F (red) are
plotted for different amounts of additive: without DIO (open circles),
with 1% DIO (stars), and with 3% DIO (filled circles). Values have
been smoothed and normalized to the generated charge at the highest
accessible bias of —2.3 V. The y-axis is scaled downward for better
comparison with the negative photocurrent. The inset shows the raw,
non-normalized data. (b) Comparison of the mean polymer domain
size deduced from the plasmon maps in Figure 3 (left scale, black)
with the relative generation efficiency P, at open-circuit conditions
(right scale, red), being defined as the ratio of generated charges at
open circuit compared to —2.3 V (see Table S).
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Table 5. Characteristic Parameters Describing the Generation, Transport, and Recombination of the Polymers P—H and P—F in

1:3 Blends with PC,,BM

DIO [%] P, [%] 78 [107Y7 m¥/s]
P-H 0 53 2.9
P-H 3 72 2.5
P—F 0 67 12
P—F 1 81 1.1
P—F 3 94 12

}/ocb [1077 m3/s] uE [107* em?/(Vs)] &=
6.5 2.3 0.2
8.0 6.0 0.07
1.7 12 0.14
2.4 4.2 0.04
2.6 5.7 0.03

“The relative dissociation probability, P, is the amount of generated charges close to V. relative to the charge generated at —2.3 V. "Bimolecular
recombination coefficients y5c and 7, at short and open circuit, respectively. “Mobility deduced from photo-CELIV at a field strength of 200
V'2.cm ™2, “Langevin reduction factor ¢ estimated from the measured mobility at a field strength of 175 V/%.cm™"%;

highest reverse bias of —2.3 V, the field dependence of free
charge-carrier generation, i.e., the variation of Q,, with pre-bias,
can be compared for different blends. In great contrast to the
well-known P3HT:PCBM system showing no field dependence
of free charge generation, S the performances of all blends
studied here are strongly limited by the field-dependent
splitting of bound PPs.

For blends of P—H with PC,,BM processed without DIO,
we find that the efficiency for free-carrier generation at open-
circuit conditions relative to the efficiency at —2.3 V, P, to be
only 53% (Table S), suggesting efficient geminate recombina-
tion. Processing with 3% DIO increases P,. to ca. 72%,
implying a geminate loss of about 30%. These numbers
compare very well to geminate losses at zero field determined
by TAS. For example, Laquai and co-workers determined the
total loss due to geminate recombination to about 50% in
samples prepared without ODT and 30% in samples prepared
with ODT.* More recently, Yamamoto and co-workers
estimated the geminate loss in blends of PCPDTBT and
PC,,BM processed with 2% DIO to be 30%.%°

Importantly, the field dependence of free charge generation
becomes considerably weaker upon fluorination, which is
clearly evident when comparing blends with P—H and P-F
processed with the same amount of DIO. Also, processing with
DIO weakens this field dependence, as shown earlier for non-
fluorinated PCPDTBT.** The good correlation between P,
and the mean polymer domain area in Figure Sb, and the
distinct changes of the optical absorption properties of the
blends upon processing with DIO and/or fluorination, suggest
that a weaker field dependence of free-carrier generation is
caused by the formation of larger (and probably purer)
domains with better interchain order. Noticeably, blends with
P—F processed with 3% DIO, whose morphology is
characterized by rather pure polymer domains with the
maximum domain size in lateral dimension, show only a 5%
loss of efficiency for free charge-carrier formation when
approaching V..

The inset of Figure 5a shows the non-normalized raw data
for the extracted free charge as a function of pre-bias. Note that
the excitation was at a wavelength of 500 nm, where all studied
blend layers exhibit nearly the same absorption (see Figure 2).
Apparently, additive-optimized blends with P—F generate
~20% more free charges than their P—H counterparts over
the entire bias range studied here for a comparable number of
absorbed photons, meaning that exciton migration to the bulk
heterojunction and/or free-carrier formation in competition
with geminate recombination must be more efficient when
using fluorinated donor polymers. As a similar enhancement is
seen for the two blends processed without DIO where the
donor and acceptor components are well intermixed, we

presume that the fluorination promotes free-carrier formation
via more efficient dissociation of bound PPs. Recently, a
correlation has been established between the efliciency for free-
carrier formation and the charge-transfer characteristics of DA
polymers.>* It was shown that fluorination increases the
difference between the ground- and excited-state dipole
moment Ap,, for PTB polymers, indicating enhanced charge
transfer during excitation, which in turn shall facilitate the
formation of free charges.”> We propose that a similar
mechanism causes the efficient formation of free charges in
the fluorinated PCPDTBT as measured with TDCF.
Although blends with P—F processed with 3% DIO display
the weakest field dependence of free-carrier formation, this
blend shows an overall low efficiency for free-carrier generation
at 500 nm. We attribute this to the presence of large and rather
pure domains, implying a low probability for excitons generated
on either the polymer or the PC,(BM to reach the
heterojunction. Note that the EQE in these blends is reduced
mainly in the wavelength range where the PC,,BM absorption
is dominant, consistent with the appearance of large fullerene
clusters in the plasmon maps in Figure 3, as discussed above.
Non-geminate Recombination. It was recently shown
that the performance of blends of PCPDTBT with PC,,BM is
severely limited by efficient non-geminate recombination within
the solar cell working regime, even in additive-optimized
blends.*** To assess the efficiency and kinetics of non-
geminate recombination, we performed TDCF measurements
with variable delay time between the laser pulse and the
collection voltage. Figure 6 shows the results for P—H- and P—
F-based additive optimized blends with a pre-bias setting close
to the respective V.. Here, Q. is the charge extracted during
delay. At conditions close to V. the drift of the photogenerated
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Figure 6. Precharge Q. and collected charge Q. derived from
TDCEF transients with different delay times and pre-bias setting close
to Voo (Ve = 0.6 V for P=H and 0.7 V for P—F). The dashed lines are
the corresponding BMR fits. Data are normalized to the initially
photogenerated charge for better comparison.

dx.doi.org/10.1021/ja305039j | J. Am. Chem. Soc. 2012, 134, 14932—14944

113



Journal of the American Chemical Society

charge-carriers is very slow, and Q. increases only gradually
with time. Q is the charge collected after a defined delay time
by application of the collection bias, i.e., the charge which has
not been extracted and which did not undergo non-geminate
recombination during delay.*® With increased delay time, more
and more charges recombine non-geminately, leaving less
charge available for extraction. Obviously, more charge can be
collected for blends with P—F at a specific delay time, meaning
that non-geminate recombination of charges must be reduced.

Fits to the experimental data with an iterative routine
according to eq S1 (see SI) are represented by the dashed lines
in Figure 6. The decay of Q. with delay time can be well
described by second-order bimolecular recombination (BMR)
with ypyg being the bimolecular recombination coefficient. The
agreement between the experimental data and the fit is very
good, considering that ypyg is the only adjustable parameter.
Values for ypyy at different pre-bias are plotted in Figure 7. The
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Figure 7. Left scale: Bimolecular recombination coefficient ypyy as a
function of pre-bias deduced from fits (using eq S1) to the decay of
the collected charge as shown in Figure S8. (a) Blends containing P—
H (black) without additive (open circles) and with 3% DIO (filled
circles). (b) Blends containing P—F (red) without additive (open
circles), with 1% DIO (stars), and with 3% DIO (circles) Right scale:
Langevin reduction factor obtained from the measured mobility and its
field dependence for (a) P—H-based blends (black) processed without
DIO (dashed line) or with 3% DIO (solid line) and (b) P—F-based
blends (red) processed without DIO (red dashed line), with 1% DIO
(red dotted line), and with 3% DIO (red solid line).

BMR coeflicients of all blends are rather high, ranging between
1 X 107" and 8 X 1077 m3/s. These values are considerably
larger than those reported for annealed blends of P3HT and
PCBM, which are typically of the order of 107'® m*/s, meaning
that non-geminated recombination is efficient in all of our
blends. Our values for P—H blends at V. agree very well with
zero-field BMR coefficients (measured with TAS at moderate
carrier densities) in PCPDTBT:PC4BM blends processed
without (3.2 X 1077 m?/s) or with (6.3 X 1077 m*/s) ODT as

determined by Etzold et al,** and they show reasonable
agreement with ypyr = 10 X 107" m’/s measured for a
PCPDTBT:PC,;BM blend processed with DIO by Yamamoto
et al.>° Noticeably, fluorination consistently reduces ypyp by a
factor of 2—3 for blends processed either with or without DIO
(see also Table 2). As outlined below, this reduction is a
consequence of a smaller mobility in combination with a
lowering of the Langevin reduction factor.

Figure 7 also shows that ypy increases with increasing bias
(decreasing internal electric field) for all measured blends,
meaning that the coefficient is largest near open-circuit
conditions. A proncouned increase of ypyr with decreasing
field has recently been reported for higher-molecular-weight
PCPDTBT.” This behavior was attributed to a pronounced
negative field dependence of the charge-carrier mobility in the
blend layers. Koster pointed out that a negative field
dependence of mobility is generally expected for phase-
separated blends of materials with distinctly different HOMO
and LUMO energies.53 In such blends, charges moving, e.g, in
the donor phase occasionally need to perform jumps against the
electric field direction to circumvent domains formed by the
acceptor. Increasing the electric field reduces the rate for these
back-jumps, decreasing the overall mobility of charge-carriers.

Figure 8 shows mobilities deduced from photo-CELIV
measurements with variable voltage slopes in the low-field
regime (below 300 V2 cm™/%) following the analysis
proposed by Bange et al,>* and mobilities at higher electric
fields derived from TDCF measurements by extrapolating the
initial photocurrent slope to zero*® as outlined in the SI In the
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Figure 8. (a) Field-dependent mobilities measured with photo-CELIV
(values in the field range below 300 V> cm™"/2) and TDCF (values in
the field range above 300 V2 cm™2) for blends with P—H (black)
and P—F (red), without additive (open circles), with 1% DIO (stars),
and with 3% DIO (circles). The lines are guides to the eyes for the
additive optimized blends. (b) Comparison of the inverse mean
polymer domain area (left scale, black) deduced from plasmon maps
with the Langevin reduction factor (right scale, red) as shown in Table
S.
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Figure 9. Measured J—V characteristics under simulated AM 1.5G illumination, Jyg, (left scale) compared to the total charge Q. measured by
TDCEF at different pre-bias (right scale), for blends containing P—H (left) or P—F (right). Devices were processed either without (upper row) or
with the optimum concentration of the solvent additive DIO (lower row). Q is scaled to match the current under illumination at a bias of —2.3 V.
Arrows show geminate and non-geminate losses at short circuit and the maximum power point (see Table 6 for the assignment of the arrows and the

corresponding loss currents).

latter case, the extraction bias was varied between 0.5 and 1.5V
to ensure that the decay is not determined by recombination
(as for lower fields) and not limited by the RC time (as for
higher fields). It was reported earlier that electrons are the
faster charge-carriers in PCPDTBT:PCBM blends.*® Therefore,
we attribute the mobility determined by photo-CELIV and
TDCF to the electrons. We find that the processing additive
increases the electron mobility by a factor of 3—4 for blends
with either P—H or P—F, which is in accordance with earlier
measurements on PCPDTBT.>>**

Interestingly, we measured lower mobilities for blends of the
fluorinated donor polymer processed without DIO. Presuming
that we record electron mobilities in all cases, this observation
is rather surprising at first glance. However, attachment of the
electron-withdrawing fluorine might lead to higher local dipole
moments along conjugated polymer segments, resulting in a
broadening of the density of states in both the electron- and the
hole-transporting phases for highly intermixed blends.*® In
accordance with this interpretation, we find that fluorination
reduces both the lateral and vertical hole mobility in pristine
PCPDTBT layers, despite better chain packing (see SI). Also,
increasing the domain size upon processing with DIO caused
the mobility of the P—F-based blend to approach the value
measured on the non-fluorinated system (see also the 3% DIO
data in Table 2). In these blends with well-separated domains,
electrons will move a greater distance to the donor-phase,
which will diminish the possible distortion of electron transport
by molecular dipoles located in the polymer phase.

Knowing the field dependence of ypyr and the carrier
mobility in the same layer allows us to compare the BMR
coefficient in the different blends with the Langevin
recombination coeflicient for three-dimensional recombination
in an homogeneous medium, y.(F) = e[ (F) + p,(F)]/e.&.

14940

Here p. and py, are the mobility of electrons and holes,
respectively, e the elementary charge, and F the internal electric
field** Blends of conjugated polymers and fullerene often
reveal a reduced BMR recombination, as expressed by a
Langevin reduction factor {(F) = ygyr(F)/yL(F) smaller than
1.°7%% Experimental and theoretical work suggested that phase
separation of the donor and acceptor components in pure
domains suppresses recombination.”>**~%* Figure 7 plots {(F)
for all blends studied. In calculating y, (F), we assumed that
is 2 times smaller than . over the entire field range, as shown
earlier for high-molecular-weight PCPDTBT.>> We find that
{(F) is nearly independent of the internal electric field F
(except for the F-PCPDTBT blend processed without DIO),
meaning that the negative field dependence of ypyR reported
above is mainly caused by a decrease of carrier mobility with
increasing field. Second and more important, we consistently
observe lower values of {(F) for blends containing P—F, and
{(F) is further lowered upon processing with the additive.

Figure 8b plots the Langevin reduction factor near V,_ for the
different blends together with the inverse of the average
polymer domain area. Clearly, fluorination reduces the rate at
which free carriers recombine. The apparent anti-correlation
between the polymer domain size and { suggests that this
reduction is related to the presence of larger and purer domains
in blends with P—F. For example, { of the P—F-containing
blend processed with 3% DIO, which has the largest mean area
of the polymer-rich domains, is only 0.03, meaning that non-
geminate recombination in this blend is significantly suppressed
compared to the Langevin limit.
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Table 6. Geminate (GEM) and Non-geminate (NG) Loss Currents in 1:3 Blends of P—H or P—F with PC,,BM, Processed with

Different Amounts of DIO

DIO 2 3 V) ]Gmf(scz)

[%] mA cm?] [mA/cm?]
P-H 0 16.74 5.74
P-H 3 1593 3.19
P—F 0 17.81 4.13
P-F 1 17.48 222

a a a

]NG(SC) ]GEM(MPP) Jne (MPP) MPP

[mA/cm?] [mA/cm’] [mA/cm?] vl
1.88 7.39 3.62 0.45
114 4.48 327 0.46
245 5.70 497 0.50
1.08 3.16 349 0.56

“Loss currents 2—S5 are described in text and shown by the arrows in Figure 9.

B DISCUSSION

The knowledge of the field dependence of free-carrier
generation allows us to assess the geminate and non-geminate
losses that limit the device performance of our blends.

For this, we express the current flowing through the device
under illumination ]hght(V) in terms of current densities
describing the generation and non-geminate loss of free charge
carriers in the active layer per unit area:

Jige V) = T (V) = (V)

gen

ey

Here, ], is the generation current density (the generated free
charge per unit area and time) and Jyg the loss current density
including non-geminate recombination and diffusion to the
wrong contact. Figure 9 plots the bias-dependent light current
Jignt(V) together with Q.,(V), the latter being a direct measure
for the efficiency of free-carrier generation at the given voltage.

For all blends, the course of the current—voltage character-
istics ]hght(V) at sufficiently negative reverse bias follows
Q:¢(V), meaning that non-geminate recombination losses are
negligible at these conditions and that the field-dependent free-
carrier generation rate determines i, under simulated AM
1.5G illumination. Therefore, Q,,,(V) can be translated into

]gen(V) Vla

Qtot(V)

(=23V) 2 (c23V)

Ju(V) =

o Qe @
Clearly, Jo,(V) is smaller than J,,(=2.3V) under solar cell
working conditions, meaning that geminate recombination of
bound polaron pairs competes with their dissociation into free
charges in the corresponding voltage regime. This loss can be
aPPrOXimated bY ]GEM(V) = ]gen(_2'3 V) - ]gen(V)' As most ]_
V characteristics do not saturate at reverse bias, we presume
that geminate recombination is still active at —2.3 V, meaning
that the given Jgpy(V) are minimum values for the total
geminate loss.

Table 6 summarizes Jgpy and Jyg at short-circuit conditions
(SC) and at the maximum power point (MPP), respectively.
These losses are also indicated by arrows in Figure 9. For the
P—H blend processed without DIO, geminate recombination
losses are severe. Geminate recombination reduces the
photoinduced current density by at least 34% at SC, and this
loss increases further to 44% at the MPP. The progressive
increase in Jqpy with increased bias is a major cause for the low
FF of this device. Geminate recombination losses are reduced
by processing with DIO and fluorination of the donor polymer.
For the optimized P—F blend, geminate recombination losses
are only 13% at SC, increasing slightly to 18% when going to
the MPP. These numbers are significantly smaller than the
corresponding values (20% and 28%) for the optimized P—H
blend.
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Regarding non-geminate losses in devices processed without
DIO, Jxg(SC) and Jyg(MPP) are smaller than the correspond-
ing geminate losses, meaning that these devices are mainly
limited by field-dependent generation. Interestingly, the non-
geminate losses are larger for the P—F blend, despite the lower
coefficient for non-geminate recombination. These larger losses
can be rationalized by the rather small charge mobility in this
blend, which slows down carrier extraction and makes the
photogenerated charge vulnerable to free-carrier recombina-
tion. For devices processed with DIO, non-geminate losses are
rather insignificant at SC (ca. 10% with regard to Joen at short
circuit) but they become relevant at the MPP. Notlceably, the
slightly lower mobility of the optimized P—F blend is
counterbalanced by its lower ypyg, and non-geminate loss
currents are similar in the optimized devices (ca. 24—29% at
MPP with respect to ]gen(MPP). Therefore, the increase in FF
of the DIO-processed blends upon fluorination is mainly
caused by a weaker field dependence of the free-carrier
generation current and a Iarger V..

Recently, a morphological model was proposed to explain the
efficient (and field-independent) free-carrier formation in
P3HT:PCBM blends.*> This model relies on a particular
nanomorphology with a less ordered arrangement of the
polymer chains at the heterojunction compared to the interior
of the P3HT nanocrystallites. By this, polymer chains adjacent
to PCBM domains exhibit a lower HOMO and a higher
LUMO, forming an energetic barrier for photogenerated holes
approaching the fullerene phase and thus slowing down
geminate recombination. As shown above by absorption
spectroscopy and plasmon mapping, chain aggregation and
ordering is clearly improved upon fluorination. Possibly, those
domains might possess different degrees of order at the
interface and in the interior, causing photogenerated holes to
be energetically stabilized away from the heterojunction,
preventing rapid geminate recombination. Similar to this,
these energetic barriers will also inhibit the intimate contact
between free holes and electrons, rendering non-geminate
recombination less effective than in a homogeneous 3D
donor—acceptor mixture. This is exactly what is seen here,
where P—F blends with a higher degree of chain aggregation
exhibit a smaller Langevin reduction factor.

Though fluorination reduces losses due to geminate and non-
geminate recombination, the average IPCE of the optimized
P—F blend is only 50%, meaning that half of the incident
photons are not converted to collected electrons at J.. A
fundamental limit to the IPCE of these devices is that the
optimum layer thickness is below 100 nm. Increasing the active
layer thickness beyond 100 nm continuously decreased FF, J,
and PCE, due to inefficient carrier extraction.'®** Optical
modeling with a transfer matrix formalism revealed that only
~70% of the incident light is absorbed in an active layer with
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optimum thickness.** Also, IPCE spectra are measured at short-
circuit conditions. As pointed out above, geminate recombina-
tion reduces Jig at SC by at least 13%, even for the optimized
P—F blend. In total, inefficient light absorption and geminate
recombination limits the IPCE of this blend to ca. 60%. The
IPCE might be further reduced by charge-carrier diffusion to
the wrong contact®® or by extraction of bound PPs at the
electrodes.” Clearly, further improvement of the IPCE not
only requires the application of light trapping schemes or
optical spacers®®® but also asks for strategies to further reduce
geminate and non-geminate losses.

Here, we point out that our study uses polymers of moderate
MW (M, ~ 10 kg/mol). It has been shown for other
polymer:PCBM blends””7* that increasing the polymer’s
MW substantially improves the photovoltaic performance. This
phenomena has been related to a concomitant increase of
charge-carrier mobility, which promotes charge extraction in
competition with non-geminate recombination. In fact, devices
made with P—H of higher MW (M, & 17000 g/mol) in our
laboratory had EQEs of 2.6 (4.5) when processed without
(with) 3% DIO.** Very recently (after submission of this
manuscript), Jen and co-workers compared the properties of
fluorinated PCPDTBT with M, = 23 400 g/mol with those of
regular PCPDTBT of comparable M,.”* In a device geometry
similar to the one employed by us, their PCPDTBT-based
blends processed without an additive gave a PCE of 2.75%, and
the efficiency was considerably improved to 5.51% upon
fluorination. Although these authors noted that addition of
processing additives did not improve PCE further, the
combined optimization of the polymer MW, polymer:fullerene
blend ratio, and additive concentration might further improve
device performance beyond the record efficiency of 6.16%
reported here.

Finally, we emphasise that significant improvements of J,.
and FF upon fluorine attachment have similarly been reported
for other fluorine-substituted copolymers (see Introduction).
We therefore propose that the main conclusion of this work—
that fluorination improves the solar cell performance not only
by increasing the V,_but also by a reduced field dependence of
carrier generation and a reduced efficiency for non-geminate
recombination—is applicable to most other blend systems
comprising F-substituted DA copolymers.

B CONCLUSION

In summary, the synthesis and the photovoltaic properties of a
new polymer, F-PCPDTBT, designed by fluorination of the BT
unit in PCPDTBT, are described. The new polymer gives
superior solar cell performance in blends with PC,,BM. Our
measurements show that this enhancement can be mainly
attributed to two fundamental effects caused by the
fluorination. First, the IE of F-PCPDTBT is 0.1-0.15 eV
larger than that of PCPDTBT. This results in a larger energetic
difference between the HOMO of the polymer and the LUMO
of PC,,BM, increasing the V. from 0.61 to 0.74 V. Second,
charge-carrier generation becomes more efficient even under
reverse bias conditions, and the field dependence of free charge-
carrier generation is weakened, meaning that the geminate
recombination is strongly reduced. Also, fluorination causes a 3-
fold reduction in the non-geminate recombination coefficient at
conditions of V. counterbalancing the reduction in charge-
carrier mobility upon fluorine attachment. As a consequence,
the FF is increased by 8% and the ] rises from 11.5 to 14 mA/
cm® upon fluorine substitution.

We find that the fluorinated polymer has a stronger tendency
to aggregate, reducing the optimum amount of processing
additive from 3% to 1%. Following arguments put forward to
explain the negligible effect of electric field on free charge
generation in P3HT:PCBM blends,”® we assign the superior
performance of the optimized F-PCPDTBT:PC,,BM blend to
the formation of well-ordered polymer aggregates, which
stabilizes holes within the hole-transporting polymer phase.

In total, fluorination of PCPDTBT causes the PCE to
increase from 3.6% to 6.0% for identical device processing and
comparable (medium) molecular weight. Further optimization
of the blend ratio and active layer thickness resulted in 6.16%
efficiency for F-PCPDTBT:PC,,BM solar cells. Our optimized
F-PCPDTBT:PC,;,BM blends clearly outperform the most
efficient PCPDTBT:fullerene devices reported so far. As these
blends exhibit a high external quantum efficiency of 50% over a
broad spectral range, extending from 400 to 800 nm, they are
well suited for building the red- to infrared-absorbing subcell of
highly efficient polymer tandem solar cells.
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ABSTRACT: We introduce a new and simple method to quantify the effective extraction
mobility in organic solar cells at low electric fields and charge carrier densities comparable
to operation conditions under one sun illumination. By comparing steady-state carrier
densities at constant illumination intensity and under open-circuit conditions, the
gradient of the quasi-Fermi potential driving the current is estimated as a function of
external bias and charge density. These properties are then related to the respective
steady-state current to determine the effective extraction mobility. The new technique is
applied to different derivatives of the well-known low-band-gap polymer PCPDTBT
blended with PC;BM. We show that the slower average extraction due to lower mobility
accounts for the moderate fill factor when solar cells are fabricated with mono- or
difluorinated PCPDTBT. This lower extraction competes with improved generation and
reduced nongeminate recombination, rendering the monofluorinated derivative the most
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efficient donor polymer.

SECTION: Energy Conversion and Storage; Energy and Charge Transport

Bulk heterojunction solar cells made from polymeric or
small donor molecules blended with the fullerene PCBM
gained intense attraction due to their diverse advantages over
other photovoltaic technologies such as low weight, flexibility,
semi-transparency, and the opportunity for fast roll-to-roll
processing." A significant number of papers were published in
the last several years in this fast growing field. Most of these
publications demonstrate routes for device optimization,”* new
materials,”> and understanding the underlying mechanism of
charge generation,ﬁ_8 recombination,”'® and extraction.'"*
Some of these systems show highly efficient charge
generation, with internal quantum efficiencies near unity
irrespective of the internal field,"® resulting in power conversion
efficiencies (PCEs) of 8.5%." However, most of these high-
efficiency devices have very thin active layers, below 100 nm
only."* Increasing the thickness would benefit from higher light
absorption and is desired in terms of ease of fabrication."
However, when the active layer thickness is increased, the fill
factor and, with that, the overall PCE are reduced significantly
for the majority of polymer/fullerene combinations.'*!® Low
fill factors (FF) are caused by photocurrent losses that depend
on the internal electric field. There are two major causes: a
field-dependent free charge generation competing with
geminate recombination and inefficient free charge extraction
in competition with nongeminate recombination. Field-depend-
ent generation has been identified as a major loss channel in

i i © 2014 American Chemical Society
7 ACS Publications

1131

several organic photovoltaic systems, in particular, for those
with highly intermixed donor—acceptor blends."*'®'” Gemi-
nate recombination was successfully suppressed when the
nanoscale morphology revealed aggregated polymer chains and
pure fullerene clusters."®™>° Various reports showed that
nongeminate recombination in organic solar cells is dominated
by bimolecular recombination,”*'™>* which is a nonlinear
process with a quadratic dependence of the loss current on
carrier density. Therefore, nongeminate losses will become
dominant for slow extraction, as it causes a large steady-state
carrier density in the bulk of the active medium. This makes the
correct determination of the bimolecular recombination
coeflicient and of charge carrier mobilities, both determining
the efficiency of extraction under solar cell working conditions,
fundamental for a conclusive understanding of the device
performance and for further efficiency enhancements.
Transient techniques such as transient absorption spectros-
copy,”* transient photovoltage,'® or time-delayed collection
field (TDCF)"® are commonly applied to quantify nongeminate
recombination losses. With regard to mobilities, a wide variety
of techniques has been developed, each addressing free carrier
motion under a different method-specific condition. Transient
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Figure 1. Energy level diagram with (a) conditions at open circuit and (b) conditions at voltages smaller than open circuit, for example, the

maximum power point.

photoconductivity techniques such as time-of-flight (ToF),
charge extraction by linearly increasing voltage (CELIV),”
open-circuit corrected charge carrier extraction (OTRACE),26
or TDCF'® have been introduced to record the motion of
photogenerated charge. ToF requires very thick active layers in
the range of micrometers. CELIV, OTRACE, and TDCF are
mostly sensitive to the faster type of carrier only.'®** Also,
because they measure mobilities under reverse bias conditions,
they might be less useful to characterize carrier motion under
solar cell working conditions. Field effect transistors (FETs)
can selectively determine electron or hole mobilities, but charge
motion is measured across the micrometer length scale in-plane
of the device and at high charge-carrier densities. Therefore,
FET results often differ significantly from measurements of
vertical charge transport on the 100 nm length scale and at
lower carrier densities.””

Steady state electron and hole mobilities in the vertical
direction are often determined by analyzing space-charge-
limited currents (SCLCs) in single carrier devices, but this
method has several drawbacks. First, different electrodes have
to be used to guarantee the selective injection of only one type
of carrier. Second, the unambiguous determination of the
mobilities requires measurements on different layer thick-
nesses.”® Both the variation of the electrode configuration and
the active layer thickness were shown to affect the blend
morphology.””*® Also, charge-carrier densities in the SCLC
regime might be larger than at one sun illumination and at a
bias smaller than V,.*' Finally, the technique measures the
motion of injected charges, while the majority of carriers in a
working solar cell are photogenerated.

More recently, Durrant and coworkers introduced a method
to quantify the mobility of charges in a solar cell under steady-
state illumination conditions at low internal fields.** This
technique relies on the comparison of the current density |
flowing out of the device with the steady-state carrier density n
measured by charge extraction (CE). If the current density J(V)
at a given bias V is caused by the drift of only one type of
carrier with a homogeneous density n(V), the mobility y can be
calculated from

J(V)

uin, V) = m

1)
Here e is the elementary charge and E is the electrical field
across the sample given by E = (V, — V)/d, where Vj, is the flat
band potential and d is the layer thickness. In conventional CE,
the device is held at a certain prebias under constant
illumination. When the light is switched off, the sample is
short-circuited and the integral over the resulting current
transient is taken as a measure for the charge in the device. In
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the original work by Durrant and coworkers, the short-circuit
current density J,. was compared with the charge density also
under short-circuit conditions.>* Later, Deibel et al. related the
short current density J;. to n at open-circuit conditions, thereby
making use of the field-independent generation efficiency in the
studied system.”® In both publications, the charge was extracted
with an internal field corresponding to short-circuit conditions,
typically on the order of (2 to §) X 10° V/m. We have
previously shown that such low fields may be too small to
extract all charge from the device.** Also, the correct
determination of the internal electrical field E is not
straightforward, as it requires knowledge of the flat band
potential. Finally, eq 1 does not account for charge diffusion,
which might be dominant close to V.

Here we propose a novel approach to determine the charge
mobility via the precise measurement of the steady-state
charge-carrier density with bias-amplified charge extraction
(BACE),**** and the proper estimate of the gradient of the
quasi-Fermi levels being the driving force for the current. This
approach makes use of a more general equation describing the
motion of charges by drift and diffusion in a semiconductor,
accounting for both drift and the diffusion currents for, for
example, electrons

Jo = Jte T Jaige = ncHE + eDVn, = ny VEg, (2a)
and thus
Jioe = Mt VEg, + nppy VEp (2b)

Here n, (n,) is the electron (hole) density, u, (u,) is the
electron (hole) mobility, VEg, (VEgy) is the gradient of the
electron (hole) quasi-Fermi level, and J,, is the sum of both the
electron and the hole current.*® Under open-circuit conditions,
both quasi-Fermi levels are constant throughout the device and
the net-current is zero.>® This situation is displayed in Figure
1a. If selective ohmic contacts are applied (one for electron, the
other for holes), the open-circuit voltage is equal to the quasi-
Fermi level splitting in the bulk

eV = EF,e - EF,h

3)

Importantly, for every semiconductor there is a specific
dependence of the quasi-Fermi-level energy and the respective
carrier density.3’4’3’6’3 In most cases, a relation with the general
form of Eg, — Eg, = a + bn(n.ny/c) can be derived, with a, b,
and c being parameters related to the sgeciﬁc energetics of the
semiconductor and temperature.’*** Under open-circuit
conditions, this leads to a material-specific dependence of
carrier density.***

When the external bias V is lower than V,, for example,
around the maximum power point (MPP), electrons and holes
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are extracted to the contacts by drift or diffusion, driven by a
gradient of the respective quasi-Fermi level. This situation is
described in Figure 1b. If we assume that the gradient is
constant throughout the bulk of the device and identical for
electrons and holes VEg, = VEpy, = VE, as it has been shown
by recent device simulations,***! the following simple relation
can be derived

eV =Eg, — Ep,, — d-VE; (4)
The assumption of constant quasi-Fermi-level gradients
throughout the bulk of the device might become invalid
when the photocurrent becomes limited by space-charge effects
in the case of highly imbalanced mobilites. In this situation, the
electrical field in the device is partially screened by the
accumulation of the slower carrier, leading to a pronounced
inhomogeneity of the electric field and carrier density
throughout the layer thickness. Space-charge formation is
indicated by a typical square-root dependence of photocurrent
with bias** that is not seen here. Further work will be
conducted in follow-up publications to validate the assumption
of the constant gradient of the quasi-Fermi-level with
simulations for different conditions.

Presuming that the device under steady-state illumination is
at near thermal equilibrium also for nonzero currents, the
carrier density in the bulk obeys the Fermi—Dirac statistics and
the product of electron and hole density is again determined by
the quasi-Fermi level splitting. We now consider the case that
the same carrier density n = (n, & n,) is established in two
ways: either by illumination under intensity I, and V.
conditions, where the net-current density is zero, or by keeping
the device at a lower bias than V,_ but at higher illumination
intensity I,, with a measurable net current. Because of equal
carrier densities, the quasi-Fermi level splitting in the bulk is the
same in both cases and equal to e-V,.(I;) leading to

V:)c(”; I1) - V("r Iz)
d (%)

From this, the effective extraction mobility can be determined
via

VEqF(n, V) = ¢

o N (\s"
2n(V)-VEg(n, V) 2en(V)(V — V.
(6)
Note that the factor “2” in the dominator of the eq 6 is due to
the fact that electrons and holes both contribute equally to the
steady-state current of an illuminated solar cell. Finally, p.¢ is

related to the mobilities of electrons and holes via the following
simple relation (see Supporting Information, SI)

Hee(n, V) =

_ 2umy

My =
ff /43+/lh

™)
Compared with previous work, our approach has several
advantages. First, current and carrier densities are compared at
the same internal field (bias). Second, it does not rely on any
assumption about the field-dependence of charge generation
nor does it require knowledge about the flat band potential.
Also, contributions from drift and diffusion are automatically
included. Most importantly, because electrons and holes
contribute equally to ] under steady-state conditions, this
approach measures the combined motion of both types of
carriers. This makes it a suitable approach to quantify the
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extraction of photogenerated charge in competition with
nongeminate recombination.

We now apply this method to blends of PCBM with the well-
known polymer PCPDTBT (OF) and its fluorinated derivatives
1F-PCPDTBT (1F) and 2F-PCPDTBT (2F). The chemical
structures and JV characteristics of the additive optimized
blends are displayed in Figure 2a. As shown before, the
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Figure 2. (a) Left scale: JV characteristics measured under simulated
AM 1.5G spectra for additive optimized champion cells of blends
made from PC,,BM with PCPDTBT = OF (black), F-PCPDTBT = 1F
(red), and 2F-PCPDTBT 2F (blue). Right scale: the field
dependence of charge generation normalized to high fields for 2F
blends (blue open circles). The dark and light colored areas highlight
the loss due to the field dependence of charge generation and
nongeminate recombination (NGR), respectively, for the 2F blend.
The blue arrow indicates the current loss due to NGR at the maximum
power point.

monofluorination lowers the polymer HOMO level, resulting in
an enhanced V. Also, the field dependence of generation
(expressed by the parameter Gen) and the bimolecular
recombination (BMR) coefficient are reduced upon mono-
fluorination, resulting in PCEs above 6%."** For the
difluorinated derivate, this characteristic trend continues: 2F
blends show a high V. of 850 mV, related to a further down-
shift of the HOMO.*® Importantly, 2F blends also show the
weakest field dependence of charge generation and the smallest
BMR coefficient. (See Figure S1 in the SL) Both effects can be
explained by the morphology changes induced upon fluorina-
tion, as seen in resonant X-ray scattering (R-S0XS) measure-
ments (Figure 3).* For all polymers, the additive DIO
increases the total scattering intensity, pointing to higher
composition variations (i.e., purity) of the individual phases.19
For a given additive concentration, fluorination leads to more
pure phases, with the highest purity seen in the 2F-based blend
with 3% DIO.

Interestingly, despite a significant reduction of the generation
losses and of the BMR coefficient with fluorination, the FF of
the 1F blend is only slightly larger than that of the
nonfluorinated system, and it even decreases for 2F. This can
be related to increased nongeminate recombination loss, which
is 445 mA/cm? at MPP for 2F blends, as indicated by the
arrow in Figure 2. Thus, approximately one-third of the
generation current is lost due to nongeminate recombination at
MPP for 2F blends despite a low BMR coefficient.
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Figure 3. (a) Resonant soft X-ray scattering (R-SoXS) at 284.1 eV for OF, 1F, and 2F samples each with 0, 1, and 3% DIO. (b) Relative composition
variations (i.e., purity) extracted from R-SoXS for all blends normalized to the most pure device, which is 2F with 3% DIO.
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Figure 4. (a) Steady-state charge-carrier density for 1F devices measured with BACE at the respective V,,. for different illumination intensities
(circles) and for variable bias and constant illumination conditions, which generates a short-circuit current J,. = 25.5, 14, and 7 mA/cm? (squares).
(b) Mobility determined from the steady-state densities as presented in panel a (squares), electron mobility y, from TDCE' (diamond), hole
mobility 4, from SCLC measurements as shown in the SI (cross), and the effective mobility y i according to eq 7 (triangle). Solid lines are guide to

the eyes.

The effective extraction mobility was determined with the
BACE technique as introduced recently by our group to
understand this phenomenon.>*** To avoid errors due to
nongeminate recombination losses during extraction, we
applied a high reverse bias to extract all carriers within the
BACE technique. Here the sample is illuminated at an applied
prebias (V,,.) with a high-power 445 nm laser diode. Applying
the light for several milliseconds ensures that steady state
between generation, recombination, and extraction is reached.
Then, the light is switched off within ca. 10 ns and the external
bias is rapidly changed from prebias to a high reverse bias
within ~15 ns, which extracts all charge from the device. The
short delay time ensures sufficient suppression of nongeminate
recombination between steady-state and extraction condi-
tions.'® Figure 4 shows n(V,.), the carrier density measured
at open circuit for different illumination intensities, for the
additive optimized 1F blend. As expected and shown
before,'”** n(V,.) follows an exponential dependence on V..
Also shown are carrier densities 7(V) measured at a constant
illumination intensity but with decreasing bias. Three intensity

1134

levels were chosen to give a J,. of 7, 14, and 25.5 mA/cm® By
definition, n(V) measured for a given illumination intensity
intersects with n(V,.) at the respective V,, and this point is at a
higher bias for more intense illumination. The data also show
that when the bias becomes smaller than V. the carrier
densities decrease continuously due to more rapid extraction of
the carriers. Following the arguments previously outlined, it is
now possible to determine the gradient of the quasi-Fermi level
position driving this current for any arbitrary bias and
illumination conditions by simply considering the difference
V(n)—=V,.(n) at the respective carrier density n, following eq S.
This is exemplified by the horizontal arrow in Figure 4.
Combined with the extracted current density known from the
steady-state JV characteristics for identical illumination
conditions (using the same laser diode operating under
continuous wave conditions), the effective extraction mobility
can be calculated with eq 6.

The results of this analysis are shown in Figure 4b. Near
short circuit, the average extraction mobility is around 2 X 107*
ecm?/(V s), ca. 1.5 times smaller than the mobility of the faster

dx.doi.org/10.1021/jz500457b | J. Phys. Chem. Lett. 2014, 5, 1131-1138
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Figure 5. Steady-state charge-carrier density for (a) OF (black), 1F (red), and 2F devices (blue) measured with BACE at the respective V,, for
different illumination intensities (circles) and under illumination conditions resulting in J,. = 14 mA/cm?” with varying bias (squares). (b) Extraction
mobility values estimated from the steady-state carrier density as shown in panel a. All lines are guide to the eyes.

carrier (electrons) as reported previously'® and a factor ca. 1.5
higher than the hole mobility extracted from hole-only devices.
(See Figure S2 in the SI.) The effective mobility according to
eq 7, determined from hole and electron mobility measure-
ments, nicely fits to the effective extraction mobility estimated
from steady-state carrier densities. We also observe a
continuous increase in the average extraction mobility with
increasing bias (decreasing field), confirming our previous
findings'® and in full accordance with theoretical predictions.*’
The fact that mobilities extracted from the data for three
different illumination intensities are comparable proves the
consistency of our approach. It also shows that the explicit
dependence of mobility on carrier density is weak.

In the previous analysis, a homogeneous distribution of
electrons and holes within the layer has been assumed. In this
case, the total extracted charge is Q. = (dA/2)(n. + m,).The
factor “2” in the dominator takes into account the fact that
electrons and holes travel, on average, through half of the layer
upon extraction. If, however, the charge-density profile under
steady state conditions is inhomogeneous,37'48 the extracted
charge is not an exact measure of the total charge in the active
layer. This will induce a certain error in the determined value of
Uep particularly when performing measurements at very
different bias or for different film thickness. Because all of
our measurements are on devices with similar thickness and at
comparable current densities, the relative error made when
comparing extraction mobilities for our three blends will be
quite small.

Figure Sa compares the carrier density n(V,.) measured
under open-circuit conditions for the three different blends.
Increasing the number of fluorine atoms causes a significant
shift of the n(V,.) curve to higher biases, which is mainly
caused by the lowering of the polymer HOMO. Also shown are
the steady-state carrier densities n(V), with the intensity
adjusted to give a J,. of 14 mA/cm? for each blend. This Figure
reveals some important differences. First, although the charge
extracted from OF and 1F blends is quite comparable in the
measured bias range, the n(V) of the 1F blend decays more
slowly with decreasing bias. In other words, a larger gradient of
the quasi-Fermi level is necessary to extract the carriers in the
1F blend. This is expressed by a slightly lower mobility, as
shown in Figure Sb. More importantly, n(V) of the 2F-based
blend is larger, and it decays even more slowly with decreasing
bias over the entire range. Indeed, the effective extraction
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mobility according to eq 6 is fairly low for this blend, below 2 X
107 ecm?/(V s).

To illustrate the different extraction properties of the three
polymers, we have plotted in Figure S3 in the SI the gradient of
the quasi-Fermi potential (as expressed by V,.—V) and the bulk
quasi-Fermi level splitting as a function of the current. A
significantly larger gradient is needed for 2F compared with 1F
and especially to OF to drive the same current density. More
importantly, the bulk quasi-Fermi level splitting in the 2F-based
blend decreases very moderately with increasing current. As a
matter of fact, Eg,—Eg), at a current density of 14 mA/ cm? is
only 0.043 eV lower than that under open-circuit conditions,
implying a high carrier density and efficient nongeminate
recombination.

With this knowledge about the effective extraction mobility,
we are able to understand the trend in FF upon fluorination. As
previously mentioned, the shape of the JV curve and, with that,
the value of FF result from the specific field dependence of
generation, extraction, and nongeminate recombination.
Fluorination improves charge generation, thereby reducing
the field dependence of charge generation. In addition, we see a
seven-fold reduction in BMR coefficient in between the OF and
the 2F blend. The enhanced generation and reduced non-
geminate recombination is counterbalanced by a significant
lowering of the mobility upon fluorination. For 1F blends, this
effect of reduced mobility on the JV characteristics is still quite
weak, rendering the 1F-based blend the one with the highest
FF. The lower extraction becomes important for 2F blends; the
high carrier density remaining in the device under steady-state
enhances nongeminate recombination losses, although this
blend shows the smallest BMR coeflicient. At a density n of ca.
1.5 X 10”2 m™ and a BMR coefficient y of 1.2 X 1077 m>s™,
the recombination current at MPP according to J,.. = yedn” is
4.3 mA/cm® This is in very good agreement with the current
loss determined from the comparison of the current density
and the field-dependent generation measured via TDCF at the
MPP (as shown by the arrow in Figure 2).

In summary, we introduce a new and simple technique to
estimate the effective extraction mobility for charge-carrier
densities close to one sun illumination condition and in the
small field regime typical for solar cell operation. This method
takes into account drift and diffusion and is applicable to a wide
range of illumination conditions, feasible to determine the field
and charge density dependence of the mobility independently.
With this average extraction mobility being accurately
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determined, a conclusive picture of the processes leading to
distinct changes in the FF upon fluorination of the low-band-
gap donor polymer PCPDTBT is gained. With the more
efficient generation and reduced recombination counter-
balanced by a decreased extraction mobility, the highest FF
(close to 60%) and PCE (6.6%) are reached with the
monofluorinated F-PCPDTBT, while the blend with 2F-
PCPDTBT blends has an only moderate FF of 54%, which
limits the PCE to 6.5%. If the negative impact on mobility
could be avoided, the 2F material would achieve superior
performance. Our results provide important insight into the fact
that simple molecular modifications can affect multiple device
parameters, and improved understanding is required before a
rational design paradigm for synthesis can be established.

B EXPERIMENTAL SECTION

Materials. PCPDTBT with M, = 18.5 kDa and M,, = 25 kDa
was synthesized following a procedure described in literature.*’
F-PCPDTBT was synthesized with M,= 21.5 and M,, = 51 kDa,
as previously described."” Poly[2,6-(4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(5,6-difluoro-
2,1,3-benzothiadiazole] (2F-PCPDTBT) was synthesized as
follows: 4,7-Dibromo-5,6-difluoro-2,1,3-benzothiadiazole 223
mg (0.71 mol), 4,4-bis(2-ethylhexyl)-2,6-bis-
(trimethylstannyl)-4H-cyclopenta[2,1-b:3,4-benzothiadiazole]
600 mg (0.8238 mmol), and S mL of p-xylene containing
Pd(PPH);), 20 mg (S mol % relative to Br) were charged in a
microwave tube in the glovebox. The tube was sealed and
removed from the glovebox into to the microwave reactor for
polymerization. The following reaction conditions were used:
120 °C for S min, 140 °C for S min, and 170°¢c for 40 min. The
originated polymer solution was cooled to ~60 °C and
precipitated into 300 mL of methanol. The polymer was
dissolved in CHCI; (200 mL) and mixed with a solution of
sodium diethyldithiocarbamate trihydrate (10 g) in distilled
water (200 mL). The mixture was strongly stirred at 80 °C
overnight under nitrogen. The organic phase was separated and
washed three times with water, dried over MgSO,, filtrated, and
concentrated. The concentrated solution was precipitated in
CH;OH again. After drying, the polymer was extracted with
methanol (12 h), hexan (6 h), aceton (6 h), and chloroform (6
h) and finally precipitated in methanol. The molecular weight
was M, = 5 kDa and M,, = 9.05 kDa, and the yield = 30%. 'H
NMR (500 MHz, CDCl;) results are as follows: § 8.20—8.40
(br, 2H); 2.0—2.2 (br, m, 4H);1.4—0.4 (br, m, 30H). Note that
a higher molecular weight of 2F-PCPDTBT was obtained from
synthesis. However, because of its low solubility,*® this fraction
was not processable at room temperature in CB. Thus the
higher M, fraction yielded lower performance due to the need
for changing the solvent and increasing the solution temper-
ature during spin coating. All molecular weights were
determined via gel permeation chromatography at elevated
temperatures (135 °C) in high-boiling-point solvent trichlor-
obenzene to reduce aggregation effects.

Devices. Solar cell devices were fabricated on prestructured
indium tin oxide (ITO)-coated glass slides (Lumtec) cleaned in
acetone, detergent, DI water, and isopropanol and dried with a
nitrogen gun. After that, the ITO was plasma-cleaned and
subsequently a 40 nm layer of PEDOT (Clevios Al 4083) was
spin-cast on ITO. Annealing of the PEDOT:PSS was
performed in a nitrogen-filled glovebox at 180 °C for 10 min.
For transient devices, the active layer was spin-cast from
solutions containing 1/3 (by weight) blend of donors and
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PC,oBM (99%, Solenne). Only champion solar cell devices
made with 1F had a 1/2.5 blend ratio. Chlorobenzene with
different amounts of diiodooctane (DIO) was used as the
processing solvent. The total blend concentration was 36 mg/
mL, and spin coating was performed at 1500—2000 rpm for 40
s to give active layer thicknesses between 90 and 100 nm. To
complete the solar cell devices, 10 nm Ca and 100 nm Al were
thermally evaporated with a base pressure below 10™° mbar
through shadow masks to define the active area to be 6.0 mm*
for solar cell characteristics and 1.1 mm? for TDCF.

Measurements. TDCF and BACE are described in detail
elsewhere.'®>3* Here a 445 nm 1 W laser diode (Insaneware)
with ~10 ns light switch-off time mounted onto a heat sink was
used for BACE measurements. The light was coupled to a fiber
(LEONI, multimode, 60 m long) to ensure high homogeneity
of the light profile. Resonant soft X-ray scattering (R-SoXS)
was performed at Beamline 11.0.12 of the Advanced Light
Source (ALS)*° by floating films onto SiN windows.
Composition variations were determined from scattering at
282.5 and 284.1 eV, where optical contrast between polymer
and fullerene was high but absorption was low, thus minimizing
fluorescence background and beam damage. Optical contrast
was determined by measuring the optical constants of neat
materials with scanning transmission X-ray microscopy
(STXM) at beamline 5.3.2.2 of the ALS,*' followed by
Kramers—Kronig transformation.>> Optical contrast differences
between blends based on OF, 1F, and 2F were minimal. The 1-
D R-SoXS scattering averaged intensity was multiplied by g
(i.e, Lorentz correction), which corresponds to an azimuthal
integration of the 2-D data.
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Efficient charge generation by relaxed
charge-transfer states at organic interfaces

Koen Vandewal'*, Steve Albrecht?, Eric T. Hoke'!, Kenneth R. Graham™3, Johannes Widmer?,
Jessica D. Douglas®, Marcel Schubert?, William R. Mateker’, Jason T. Bloking', George F. Burkhard’,
Alan Sellinger'", Jean M. J. Fréchet®>, Aram Amassian®, Moritz K. Riede*?, Michael D. McGehee',
Dieter Neher?* and Alberto Salleo'*

Interfaces between organic electron-donating (D) and electron-accepting (A) materials have the ability to generate charge
carriers on illumination. Efficient organic solar cells require a high yield for this process, combined with a minimum of energy
losses. Here, we investigate the role of the lowest energy emissive interfacial charge-transfer state (CT,) in the charge
generation process. We measure the quantum yield and the electric field dependence of charge generation on excitation of the
charge-transfer (CT) state manifold via weakly allowed, low-energy optical transitions. For a wide range of photovoltaic devices
based on polymer:fullerene, small-molecule:C4o and polymer:polymer blends, our study reveals that the internal quantum
efficiency (IQE) is essentially independent of whether or not D, A or CT states with an energy higher than that of CT, are
excited. The best materials systems show an IQE higher than 90% without the need for excess electronic or vibrational energy.

organic semiconductors has generated substantial interest

recently, as these materials show great promise for low-cost
and large-area photovoltaics. In these materials, the lowest energy
excited states are strongly bound excitons, which decay before
dissociating into free charge carriers with appreciable yield. This
fundamental hurdle has been overcome with the introduction of
electron-donor/electron-acceptor (D/A) interfaces'. As opposed
to devices consisting of neat organic semiconductors*®, free
carriers are generated at such interfaces with a yield quasi-
independent of photon energy within the spectral range of strong
active layer absorption®!'. For the best performing materials
systems, IQEs approaching and even exceeding 90% (refs 7-11)
have been reached. However, free charge carrier generation at
organic interfaces is typically associated with an energy loss,
which ultimately reduces the power conversion efficiency of the
system. Hence, a detailed understanding of the free charge carrier
generation mechanisms at organic/organic interfaces, and the
origin of the associated energy losses is of crucial importance for
future rational design of D and A materials and interfaces.

Figure la shows schematically the possible pathways for the
generation of free charge carriers on photoexcitation of the donor
semiconductor into its excited manifold (D*; ref. 12). At the D/A
interface, electron transfer from D* to A results in the formation
of a CT state. This CT state can decay to the ground state (GS)
or produce the desired charge-separated state (CS), which, unlike
the CT state, is not coupled to the GS. In the CS state, the charge
carriers have overcome the Coulomb binding energy and can freely
migrate in the active layer. Optical transitions between the GS and

| he mechanism of free charge carrier generation in synthetic

CT state manifold are however possible and both CT absorption and
CT emission at energies below the optical gap of D and A have been
detected, albeit with low oscillator strength'*~"3.

It has been proposed!®!® that excess photon energy assists in the
generation of free charge carriers. Delocalized, higher energy CT
states, dissociating with a rate constant k&, are postulated in this
case to be the main precursors of free charge carriers. According
to this scenario the relaxed emissive CT state (CT,) will act as
a trap and the quantum yield for free carrier generation of this
state is expected to be very low and strongly field dependent.
If, however, relaxation within the CT state manifold to CT, is
much faster than charge separation via these higher energy states
(Krelax >> k'), the free carrier yield will be exclusively determined
by the competition between dissociation (rate constant kcs) and
recombination (rate constant k;) of the thermally relaxed CT
manifold. If free carrier generation follows this mechanism, its
quantum vyield and field dependence will not depend on photon
energy, even for direct excitation into the CT state manifold.
Rather, free charge carrier generation will be determined by
the interfacial energy landscape, which connects the relaxed
CT to the CS states.

By using femtosecond laser spectroscopy it was recently
shown that photoexcitation dynamics depend on photon energy.
Furthermore, transient absorption signals have been detected on
timescales faster than relaxation within the CT manifold'”'®. These
measurements are suggestive of ultrafast CT splitting processes and
invoke the role of ‘hot’ states, where excess energy provided by the
energy level offsets between the neat materials is used to overcome
the binding energy of interfacial CT states. However, the question
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Figure 1| Energetics of the relevant states at a D/A interface. a, State diagram. Absorption of a photon with energy higher than Ep, generates the donor
excited state D* at a rate Gp.. There are several possible pathways for the generation of a CS state. Pathways with rate constants k¢ bypass the
vibrationally relaxed and lowest energy CT state (CTq) and compete with thermal relaxation (kyejax). CTq can decay radiatively (ki) to the GS or dissociate
(kcs), forming CS. The inverse of the latter process, population of CTy from CS, occurs at a rate k,. b, Potential energy surfaces of GS, and low-energy CT
and D* states. Higher energy electronic CT and D* states are omitted for clarity. Optical excitation into CTy (G¢71) occurs on excitation with a photon
energy Ect —Ags, from the vibrationally excited ground state GSy,,. Such transitions from higher energy ground states are the inverse of CT emission, which

peaks at photon energy Ect — Ags.

remains as to the extent by which these ‘hot’ effects influence
the actual photovoltaic device performance. Further, it is unclear
whether CT) is always necessarily strongly bound (Ecs — Ect > kT,
where k is the Boltzmann constant and T the temperature) or
whether there exists the possibility in some D/A systems that CT} is
sufficiently delocalized to ensure efficient dissociation of this state.

This work aims at determining whether charge separation at
D/A heterojunctions illuminated by sunlight is mainly preceded by
the formation of a thermally relaxed CT state (CT;) or whether
it predominantly occurs via higher energy, more delocalized CT
states, bypassing CT;. To elucidate to what extent the ‘hot’ CT
states play a role in the charge carrier generation mechanism, a
determination of the quantum yield and field dependence of charge
generation as a function of excitation energy, down to selective
excitation of CT), is necessary.

Here, we present measurements of the field dependence of
charge carrier generation on direct excitation of the CT state
manifold. The presence of such field dependence is taken as a
hallmark of the need for a driving force to dissociate CT states
into free charge carriers. To investigate whether photon energy in
excess of the CT| energy can provide this driving force, we perform
a detailed analysis of electroluminescence emission spectra and
external quantum efficiency (EQE) spectra. Sensitive techniques
allow us to determine the quantum vyield of carrier generation by
CT, and compare it with the carrier generation yield for higher
energy D, A and CT excitations. We study a number of D/A
combinations including polymer:fullerene, small-molecule:Cqy and
polymer:polymer blends with varying photovoltaic performance
and, surprisingly, find that the field dependence and absolute value
of the quantum yield for free carrier generation for all studied
D/A interfaces has little dependence on whether or not the initially
generated excited state has energy in excess of the energy of CT;.
Importantly, we demonstrate that a high and field-independent IQE
does not necessarily require that free carrier formation proceeds
primarily via higher energy ‘hot’ states. In fact, present state-of-
the-art bulk heterojunction layers produce a high yield of free
charge carriers (>90%) because of very efficient dissociation of CT
into free charge carriers.

First we compare two polymer:PCs BM model systems, which,
on excitation of the donor polymer, have respectively a relatively
inefficient and field-dependent charge carrier generation mecha-
nism (MEH-PPV:PC¢ BM), and an efficient and field-independent
charge carrier generation mechanism (PBDTTPD:PCgqBM).
Figure 2a,b shows current density—voltage (J—V') curves under solar
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illumination and in the dark of photovoltaic devices prepared
with these blends as active layers. The devices have a power
conversion efficiency of ~1.3% (MEH-PPV:PCs;BM) and ~7%
(PBDTTPD:PC4,BM). Device preparation details can be found in
the Supplementary Information. The field dependence of the charge
carrier generation mechanism on photoexcitation of the D*, A* and
CT manifold is investigated by time-delayed collection field (TDCF)
experiments. The total extracted charge carrier density using this
technique is a direct measure of the free carrier generation yield
at a certain bias voltage'*?. The relative yield, as a function of
bias voltage and excitation energy, is shown on the right axes in
Fig. 2a,b, allowing comparison with the photocurrent, that is, the
difference between the J-V curves taken in darkness and under
illumination. For the MEH-PPV:PCq BM device, the dependence
of the photocurrent on voltage tracks the dependence of the charge
carrier generation yield on voltage, indicating that its performance
is limited by its strongly field-dependent charge carrier generation
mechanism, consistent with previous reports on PPV:PCsBM
devices???. In contrast, for the PBDTTPD:PCy,BM device, the
yield is field independent, and reaches almost unity'!. On varying
the excitation photon energy, we can selectively excite mainly the
D* and/or A* and CT state manifold. For the MEH-PPV:PC¢, BM
and PBDTTPD:PC4BM devices, a TDCF signal could still be
detected at excitation photon energies as low as 1.38 eV and 1.53 eV,
respectively. This energy is well below the optical gap of the neat
materials comprising the blend, and charge carrier generation
at this photon energy is the result of direct CT state excitation
(see also Fig. 3). Importantly, we observe virtually no differences
in the field dependence of charge carrier generation. This is
valid, irrespective of whether the charge generation mechanism
is field dependent (MEH-PPV:PC4BM) or field independent
(PBDTTPD:PC,, BM).

This result is consistent with previous work, in which the CT
state manifold was directly excited and no differences in charge
generation efficiency®®, IQE (ref. 24) and field dependence of
EQE (ref. 25) were found when compared with higher energy
D* and A* excitation. However, as all of these experiments are
limited in sensitivity and spectral range, they do not access the
lowest energy CT; state exclusively and therefore do not provide
a clear answer as to whether the CT, state is the exclusive free
carrier precursor. Indeed, owing to the significant reorganization
of the nuclei following optical excitation, transitions into the CT
state manifold will dominantly result in a vibrationally excited
CT state (Fig. 1b). No experiment has yet compared quantum
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Figure 2 | Current density and relative number of photogenerated charge carriers as a function of applied voltage. a,b, J-V curves in the dark and under
solar illumination for a solution-processed MEH-PPV:PC¢BM device (a) and for a PBDTTPD:PCg1BM device (b). The relative number of generated charge
carriers, extracted in the TDCF experiment as a function of applied bias, is shown on the right axis, for dominant excitations of D*, A* and those directly
into the CT band (at 1.38 eV for MEH-PPV:PC¢BM and 1.5 eV for PBDTTPD:PCg1BM).
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Figure 3 | Determination of IQE(E) in the spectral region of CT emission for polymer:fullerene photovoltaic devices. EQE(E) (black line),
electroluminescence (EL) emission spectra N(E) (cyan line) and the high energy part of the A(E) spectra (blue line filled squares) are measured directly on
photovoltaic devices and active layers. In the very weakly absorbing region, the A(E) spectra are reconstructed using N(E) as described in the main text,
and are matched to the A(E) spectra measured by PDS in the overlapping region (red line, filled squares). a,b, Data for a solution-processed
MEH-PPV:PCgBM device (a) and for a PBDTTPD:PCg1BM device (b). The IQE(E) spectra (open squares) of the devices are calculated as EQE(E) /A(ED.
The arrows indicate the GS,,, — CTj transition at 1.24 eV for MEH-PPV:PCgBM and 1.28 eV for PBDTTPD:PCgBM. The arrows indicate the excitation

energies at which the TDCF experiments shown in Fig. 2 were performed.

yields of free carrier generation of the reorganized, emissive and
completely relaxed CT state (CT,) with that of higher energy
CT, D* or A* excitations. This is therefore precisely what we
aim to do in this work.

Direct excitation of CT; exclusively involves a photon having
an energy Ecr — Ags (Fig. 1b) exciting an electron from a higher
energy level of the GS manifold, GS,,, to CT;. This transition
is severely suppressed as compared with the already weak CT
absorption by the low probability of thermal population of
GSy (exp(—Ags/kT) =4 x 107 for a typical value of Ags =0.2 €V).
Hence, the direct measurement of the GS,, — CT; absorption is
very challenging. As a result, here we follow another approach and
reconstruct the absorption spectrum A(E) in this low-energy region
by measuring the inverse optical process, that is, radiative decay
from the thermally relaxed CT manifold, which is dominated by
the CT; — GS,, transition at a photon energy Ecr — Ags. When
the population of the excited states, including the vibrational states
within the CT state manifold, are in thermal equilibrium during the
emission experiment, the fraction of absorbed photons A(E) at any
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given photon energy E is related to the flux of photons emitted at
this energy, N (E), by the following equation**’

A(E) ~N(E)E_2exp<%> (1)

In the Supplementary Information, we summarize how Boltzmann
occupation of the excited- and ground-state energy levels and
optical reciprocity lead to equation (1). Equation (1) provides us
with a determination of the relative optical absorption strength in
the spectral region where CT emission is measurable. A sensitive
measurement of the EQE spectrum over the same spectral region
will allow us to compare the IQE of CT excitation, which occurs
at the photon energy where the CT emission peaks, with the IQE of
excitation into higher energy states.

In Fig. 3a,b we reconstruct the absorption spectrum of the MEH-
PPV:PC¢ BM and PBDTTPD:PCy, BM devices, for photon energies
corresponding to CT, excitation and higher. The emission spectra
N (E), also shown in Fig. 3a,b, are obtained by electroluminescence
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Figure 4 | Determination of IQE(E) in the spectral region of CT emission for small-molecule:Cgo and polymer:polymer photovoltaic devices. EQE(E)
(black line), electroluminescence (EL) emission spectra N(E) (cyan line) and A(E) spectra (blue line filled squares) are measured directly on photovoltaic
devices. A(E) spectra are reconstructed using N(E) as described in the main text and are matched to the A(E) spectra measured with the aid of an
integrating sphere in the strongly absorbing spectral region (red line, filled squares). a,b, Data for a vacuum processed Ph;-benz-bodipy:Ceo
small-molecule device (a) and for a M3EH-PPV:CN-ether-PPV polymer:polymer device (b). The IQE(E) spectra (open squares) of the devices are
calculated as EQE(E)/A(E). The arrows indicate the GSp, — CTj transition at 1.30 eV for Ph,-benz-bodipy:Ceo and 1.78 eV for M3EH-PPV:CN-ether-PPV.
Radiative decay from donor excitations is still observable in the emission spectrum at 1.55 eV and 2.07 eV, respectively.

measurements using an as low as possible injection current
<30mAcm™2, to ensure quasi-equilibrium conditions. Indeed,
the spectral shape is independent of the injection current in the
low injection current regime (see Supplementary Information). In
the measurable energy range, electroluminescence spectra consist
of CT emission alone. The >10ns lifetime of the injected free
charge carriers in the devices during the electroluminescence
experiment makes it nearly certain that thermal equilibrium within
the CT state manifold is reached before radiative decay to the GS,
thereby obeying Kasha’s rule?®. Under this condition, we can use
equation (1) to calculate the spectral shape of A(E) in the region
of CT emission. The absorption spectrum at higher energies is
still weak, but sufficiently high to be detectable by the sensitive
photothermal deflection spectroscopy (PDS). Matching the spectra
in the overlapping region allows us to set A(E) determined by
electroluminescence experiments to an absolute scale. In the MEH-
PPV:PC¢BM case, we use the overlapping region to determine
the temperature (T) of the active layer during the emission
experiments, using equation (1), to be 35°C, slightly above room
temperature, as expected”. For all devices studied in this work,
we use similar injection currents and assume T = 35°C. Details
about possible uncertainties introduced by the uncertainty on the
temperature of the active layer during the emission experiment can
be found in the Supplementary Information.

The EQE(E) spectrum of both photovoltaic devices is measured
by a sensitive lock-in technique. The IQE(E), calculated as EQE(E)/
A(E), is shown together with the EQE(E) in Fig. 3a,b. Note that
the use of a sensitive EQE(E) measurement set-up allows us to
detect a photocurrent signal even at very low photon energies
corresponding to the peak of CT emission, that is, the optical
transition between GS,, and CT, (Fig. 1b). Within the sensitivity
of the method, the IQE for this transition is essentially identical
to the IQE at higher energies including D* or A* excitation. This
observation is valid for the MEH-PPV:PC¢, BM active layer, which
has a field-dependent charge generation yield as well as for the
PBDTTPD:PC¢ BM active layer, which has a field-independent
IQE of about 90% (ref. 11). If the yield for free charge carrier
generation via CT; were strongly suppressed as compared with
the higher energy states, one would expect a strongly decreasing
IQE(E) near the photon energy at which CT emission peaks,
contrary to our observations.
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To investigate the generality of this result for other types of
D/A interface, we study devices made with a vacuum-processed
small-molecule Ph,-benz-bodipy:Cg blend**’!, as well as a M3EH-
PPV:CN-ether-PPV (ref. 32) polymer:polymer blend as the active
layer. For both materials systems, the CT state energy is close
to the optical gap of the donor. Therefore, population of D*
during the electroluminescence experiment becomes probable, and
the electroluminescence spectra of these devices, shown in Fig. 4,
contain a band related to emission from excited donor (at 1.55eV
and 2.07 eV, for the small-molecule and polymer:polymer device
respectively) in addition to the CT emission band (centred at
1.30eV and 1.78 eV, respectively). As a result we are able to
reconstruct A(E) using the electroluminescence emission spectrum
and equation (1), up to photon energies where the donor material
is strongly absorbing. A measurement of A(E) in the strongly
absorbing region by conventional integrating sphere ultraviolet—
visible spectroscopy is used to set A(E) to absolute scale, down
to excitation into CT,. For both the vacuum-processed and
polymer:polymer blend devices, IQE(E) does not vary significantly
within the energy range from CT; up to donor excitation.

To broaden the validity of our result, we studied eight
additional organic photovoltaic devices based on D:A blends with
varying performances and IQEs and found comparable results
(see Supplementary Information). The IQE(E) remains virtually
constant for excitation energies ranging from the CT emission
peak—and in some cases even for excitation energies lower than
the emission peak (Supplementary Figs 7-9)—to the CT absorption
peak. These measurements indicate that, for the studied D:A blends,
energy in excess of the CT) energy, including reorganization energy
within the CT manifold, does not affect the IQE. Free charge carriers
are generated and collected with equal efficiency by excitation
directly into CTj, as by excitation into higher energy, unrelaxed CT
states or even D* or A* states.

Even though femtosecond transient spectroscopy has shown
the existence of higher energy, faster dissociating pathways at
these organic/organic interfaces'”'®, our results indicate that
population and subsequent dissociation of these higher energy
CT states directly following photoinduced electron transfer is not
responsible for most of the generated free charge carriers. We
propose that, owing to ultrafast relaxation within the CT band,
most photoexcitations into higher energy states relax within the
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CT manifold and are in thermal equilibrium with CT;. As a
consequence, for D/A interfaces at which CT) is a bound state, the
overall IQE at all photon energies, down to exclusive CT, excitation,
will be significantly lower than unity, and electric field dependent
(for example, MEH-PPV:PC¢;BM, M3EH-PPV:CN-ether-PPV).
The general validity of our result across materials systems and
cell efficiencies suggests that excess energy provided by D*, A*
or higher energy CT excitation cannot by exploited to improve
the free carrier yield. However, the remarkably high (>90%)
and field-independent yield of free charge carrier generation
via CT, in the PBDTTPD:PCs,BM and PCDTBT:PC,;BM (see
Supplementary Information) devices shows that materials systems
exist, in which CT) is only weakly bound, yielding efficient >90%
charge generation at all photon energies equal to and larger than
the energy of CT,. Therefore, understanding and control over the
nanostructural factors that allow an interfacial energy landscape
in which CT, is sufficiently delocalized, with an energy close to
the energy of the CS state, is of fundamental importance for
designing and developing new, better performing D/A pairs for
organic photovoltaics.

Methods

Photovoltaic devices comprising polymer:fullerene and polymer:polymer active
layers were prepared in the standard device configuration ITO/PEDOT:PSS
(40 nm)/active layer/(7 nm) Ca/(200 nm) Al, using their optimized D/A ratio
and solution concentration (more details specific to the materials system used
can be found in the Supplementary Information). Small-molecule:Cq bulk
heterojunction devices were vacuum deposited in the configuration ITO/hole
conductor/active layer/electron conductor/Al. Specific details such as D/A
stoichiometry and used electron on hole transporting layers can be found in the
Supplementary Information.

TDCEF experiments use a pulsed excitation (5.5 ns pulse duration, 500 Hz
repetition rate) with a diode-pumped, Q-switched Nd:YAG laser (NT242,EKSPLA)
frequency tripled to pump an optical parametric oscillator for wavelength tuning.
The current through the photovoltaic device was measured using a 50 2 resistor
placed in series and was recorded with a Yokogawa DL9140 oscilloscope. An
Agilent 81150A pulse generator with a very fast slew rate was used to apply the
pre- and collection bias to the sample. Note that we can rule out any residual
parasitic wavelengths (that is, 1,064, 512 or 355 nm or the optical parametric
oscillator idler if signal was used) by carefully checking the beam quality at the
position of the sample with a spectrophotometer. The collection bias was kept low
at ~—3 V. This ensures that the leakage during extraction is small and at the same
time the loss due to non-geminate recombination during extraction is prevented
for the studied systems.

Electroluminescence spectra were measured using a spectrograph (Acton
Research SpectraPro 500i) equipped with a silicon CCD (charge-coupled device)
array detector (Hamamatsu), and were corrected for the instrument response and
the conversion from wavelength to energy.

Sensitive EQE measurements were taken at short circuit under focused
monochromated illumination from a 100 W tungsten lamp modulated by an
optical chopper (~280Hz). The current from the devices was measured as a
function of photon energy using a lock-in amplifier (Stanford Instruments SR 830)
and compared with the current obtained from a calibrated Ge or Si photodiode.

PDS was performed using a home-built set-up: chopped (3.333 Hz)
monochromated light from a 150 W Xe lamp is focused onto the sample.
Perfluorohexane (C¢F4, 3M Fluorinert FC-72) is used as the deflection medium.
The deflection of a HeNe laser (633 nm) is detected by a position-sensitive Si
detector, connected to a Stanford Research Systems SR830 lock-in amplifier. PDS
samples of active layers were spin-coated on quartz substrates, from the same
solution from which the devices were fabricated. The PDS spectra were set to
absolute scale by matching the spectra with integrating sphere measurements on a
Varian Cary 5000 spectrophotometer. A(E) in the weakly absorbing subgap region
was calculated by the simplified assumption of the incoming light waves passing
through the active layer twice owing to reflection from the metallic cathode.
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On the Efficiency of Charge Transfer State Splitting in

Polymer:Fullerene Solar Cells

Steve Albrecht, Koen Vandewal,* John R. Tumbleston, Florian S. U. Fischer,
Jessica D. Douglas, Jean M. J. Fréchet, Sabine Ludwigs, Harald Ade, Alberto Salleo,

and Dieter Neher*

In the past years the overall power conversion efficiency
of organic polymer:fullerene solar cells has been steadily
increasing!!! and internal quantum efficiencies approaching
90-100% have been reported.>?] Most of these efficient solar
cells exhibit high fill factors (FF), suggesting that losses due
to geminate recombination can be avoided and that losses
due to non-geminate recombination become only important
at voltages close to the open-circuit voltage, provided that
the active layer is sufficiently thin (typically around 100 nm).
Recently, techniques have become available to distinguish
geminate from non-geminate recombination and thus selec-
tively address the efficiency of free charge carrier generation.>®l
Some systems show a relatively low quantum yield with a sig-
nificant field-dependence of free charge carrier generation, 7]
while others, including the workhorse P3HT:PCBM, show a
high quantum yield for free charge carrier generation with no
field-dependence.>*!

Such an insensitivity of free carrier generation to the
internal electric field is rather counterintuitive, as the forma-
tion of spatially-separated electrons and holes in their respec-
tive material phases (the charge-separated state, CS) proceeds
via interfacial electron-hole pairs (geminate pairs), thought to
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be bound by Coulombic interaction.”! Direct evidence for the
formation of strongly correlated interfacial charge pairs came
from electron spin resonance studies on polymer-fullerene
blends.™™1] As most donor-acceptor blends exhibit addi-
tional sub-bandgap absorption and emission features, it was
proposed that these interfacial excitations are charge transfer
states (CT states) coupled to the ground state via radiative
transitions.[12-14]

The reasons for highly efficient charge generation despite
the existence of Coulombically bound geminate pairs is sub-
ject of ongoing debate. Correlations have been found between
the free carrier generation yield and the energy difference
AEZL = E5, — Ecs. Here Eg, is the lowest singlet state on either
the donor or the acceptor and Ecg is determined by the differ-
ence between the electron affinity of the acceptor EA, and the
ionization potential of the donor IPp,. AEY is often referred to
as driving force for charge generation and values larger than
several 100 meV were reported for high performance sys-
tems.'>77 A charge carrier generation mechanism was pro-
posed in which energy delivered to the system upon singlet
exciton formation is partially used to form electronically and/
or vibrationally excited CT states, which then possess a suffi-
cient amount of kinetic energy to overcome the Coulomb bar-
rier. This concept has also been used to explain lower photocur-
rents and fill factors in blends of polymers with higher adduct
fullerenes,"8 which, owing to their high lying LUMO levels,
enable devices with large open-circuit voltages. Recent ultrafast
pump-probe results!'®22 suggested that free carrier generation
in P3HT:PCBM and other materials indeed proceeds faster and
hence seemingly more efficient via such hot CT excitations,
due to a higher degree of delocalization of these states.'”) On
the other hand, it is less clear whether charge generation in
a working solar cell proceeds exclusively via such excited CT
states (route 2 in Figure 1) or whether pathways comprising
thermalized CT states (route 1) are of equal importance. It
was for example reported that the internal quantum efficiency
(IQE)2 and field-dependencel?’! for charge generation in
P3HT:PCBM blends is insensitive to excitation wavelength over
a wide range of photon energies, including those that directly
excite low-lying CT states. Recently, strong evidence was found
that the thermalized CT manifold (coupled to the lowest energy
CT state CT;) shows the same yield and field-dependence as
higher energy excitations.?*! Identification of the charge carrier
generation pathway relevant to solar cell performance is inter-
esting from the viewpoint of a basic understanding of these
devices but is also highly desirable for guiding future design
towards highly-efficient cells.
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Figure 1. (a) Energy diagram and chemical structure for Si-PCPDTBT blended with different fullerenes (PCBM, ICMA, ICBA, ICTA) indicating the blends
main absorption, the CT state manifold, the position of the charge separated (CS) states, and e-V,.. The CS states were calculated from solution cyclic
voltammetry measurements. Because of the uncertainty in the CS energy, the CS states are depicted as energetically distributed with a characteristic
broadening of 100 meV. For simplicity, two different generation routes are indicated for the ICTA blend only. Route 2: The donor excitation Ep. leads
to separated charges via electronically/vibronically excited CT states directly (dashed arrow). In this case, the direct CT state excitation Ect should give
a strongly different generation efficiency compared to Ep.. Route 1: First the excitation thermalizes in the CT manifold and then gets separated (solid
arrows). (b) Steady state J-V curves under AM 1.5G illumination with 100 mW/cm? (left scale) compared to the total charge (Q) from TDCF excited
at 650 nm (right scale) for fullerene blends with Si-PCPDTBT. The light and dark coloured areas highlight the losses due to non-geminate recombina-

tion and field-dependent generation, respectively.

Here, we present a comprehensive study of free carrier gen-
eration in bulk heterojunction systems with carefully tuned
energetics. Two polymers with different HOMO and S; ener-
gies, Si-PCPDTBT and PBDTTPD, were combined with four
different fullerene derivatives, PCBM, ICMA and higher adduct
fullerenes ICBA, and ICTA, having different LUMO energies.
We combine external quantum efficiency (EQE) and sensi-
tive photothermal deflection spectroscopy (PDS) together with
time-delayed collection field (TDCF) experiments to measure
the yield and field-dependence of free carrier generation over
a wide range of bias and excitation energy. Possible changes in
morphology and crystallinity when using different fullerenes
are investigated by resonant polarized soft X-ray scattering
(P-SoXs) and grazing incident wide angle X-ray scattering
(GIWAXS). Information on the energy of the charge separated
state was gained from cyclic voltammetry and in-situ spectro-
electrochemistry in solution and on blend films.

We find that for the Si-PCPDTBT:fullerene blends, the
crystallinity, molecular orientation, domain size, and purity
are barely changed when PCBM is replaced by higher adduct
fullerenes, rendering this system ideal for studying the inter-
relation between blend energetics and free charge generation.
For all blends, the generation yield and field-dependence is
not affected when the excitation energy is varied from above
band-gap to direct CT state excitation. Instead, the ability of the
CT state to split is dictated by the energetic offset between the
relaxed CT state and the charge separated state.

Figure 1a displays the chemical structures and energy levels
of Si-PCPDTBT and the four fullerene derivatives as deter-
mined with solution cyclic voltammetry. Blend film absorption
spectra are presented together with the CT state manifold, with
the position of the lowest bar indicating the energy of the CT
state, Ect, as determined by a combined fitting of the external
quantum efficiency (EQE) and electroluminescence (EL) spectra

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of blend films.>?] The Figure also includes estimates for Ecg
using values for the polymer HOMO and the fullerene LUMOs
measured with CV (see the SI for further detail). These values
are in good agreement to those given in the literature.l?%%7]
As the data were acquired in solution, the plotted value for
Ecs is most applicable to charges moving within amorphous
intermixed domains. We are aware of the fact that exact HOMO
and LUMO energies are sensitive to the layer morphology,!'®l
and we will address this issue later. We note a continuous
increase of the CT energy with increasing fullerene LUMO
value, as expected. An exception is the case of Si-PCPDTBT
blended with ICTA, where the CS state approaches the energy
of the excited donor, Eg;, and the CT state and polymer singlet
exciton state are in resonance, resulting in an Ecr limited by
the optical gap of the Si-PCPDTBT.

Figure 1b shows the steady state J-V curves under AM 1.5G
solar illumination of the photovoltaic devices using the donor
polymer Si-PCPDTBT. The results for PBDTTPD blends with
three different fullerenes and information on the blend ener-
getics can be found in the Supporting Information (Figures S3,
S4 and Table S1). For Si-PCPDTBT, the highest performance
was obtained when using PCBM as acceptor, reaching an effi-
ciency of 4.4%. The use of ICMA, ICBA and ICTA as acceptors
increased V., but lowered FF, ], and overall device efficiency
(see Table 1). Our J-V data are in good quantitative agreement
to recently published values, containing data on the same
material systems.?’l The same trend is seen for PBDTTPD-
based blends, where we measure higher V,’s but also strongly
decreased J’s and FF’s with higher adduct fullerenes.

To designate the main cause of the decreased FF and J, in
multi-adduct fullerene blends as either being field-dependent
free carrier generation or enhanced non-geminate recombina-
tion we performed TDCF experiments. TDCF is applied directly
to solar cell devices, with a short ns laser pulse generating

Adv. Mater. 2014, 26, 2533-2539
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Table 1. Energy levels from cyclic voltammetry of single component solutions and energy levels from in-situ spectroelectrochemistry data of
blend films together with photovoltaic properties. E; is the energy of the CT state, and A the reorganization energy, both determined from optical
spectroscopy (see Figure S1). Values in brackets are taken from Ref. [26] as comparison. Performance values are averages over 6 devices.

Polymer HOMO  Fullerene LUMO Jsc Voc FF PCE Ecr A

[eV] [eV] [mA/cm?’] [mV] [%] [%] [eV] [eV]
Si-PCPDTBT 4.97 (5.0)
PCBM 3.70 (3.74)
ICMA 3.68 (3.70)
ICBA 3.53 (3.55)
ICTA 3.33 (3.36)
Si-PCPDTBT:PCBM 4.86 3.88 11.6 591 64 4.38 1.26 0.27
Si-PCPDTBT:ICMA 4.86 3.81 10.8 618 60 4.00 1.28 0.27
Si-PCPDTBT:ICBA 4.86 3.60 7.7 810 44 2.75 1.45 0.22
Si-PCPDTBT:ICTA 4.86 3.40 0.95 947 25 0.22 1.49 0.22

charges with the device at a certain applied bias voltage typical
for normal solar cell operation.” After a very short delay time
(10 ns) a high reverse bias is applied to collect all generated
charges. The delay time of 10 ns ensures that all polaron-pairs
have dissociated before the extraction voltage is applied.l?$2]
The extraction voltage is chosen to be high enough to prevent
non-geminate recombination during extraction. By adjusting
the laser fluence, a charge density similar to one sun condition
can be generated and losses due to non-geminate recombina-
tion within the short delay time can be excluded. In our initial
experiments, an excitation wavelength of 650 nm (Ep.=1.91 eV)
has been chosen, which excites mainly the
S; state of the polymer.?!l All Si-PCPDTBT-
based blends exhibit an almost similar
absorption at this wavelength (see Figure

a)

size distribution, domain purity, as well as the donor orienta-
tion with respect to the acceptor interface is crucial for device
performance.’3! To investigate if in this case morphology
is a major factor responsible for differences in free carrier
generation yield, we analysed the nanomorphology of the Si-
PCPDTBT:fullerene blends with resonant soft x-ray scattering.
Figure 2 shows polarized soft X-ray scattering (P-SoXS) together
with grazing incidence wide angle x-ray scattering (GIWAXS)
results for the four different blends based on Si-PCPDTBT. All
blends are characterized by similar log-normal distributions of
spatial frequencies along with similar total scattering intensity,

S2). Thus, the total free charge carrier den-
sity (Qyo) extracted from TDCF is an abso-
lute measure of the free carrier generation
efficiency, allowing simultaneous compar-
ison with the |-V curves of all four blends.
This comparison is shown in Figure 1b.
All Si-PCPDTBT based devices show a field
dependent free carrier generation yield.
Comparison of Q, with the J-V curves indi-
cates that the reduction in current and FF
when using higher adduct fullerenes is pri-

2

marily due to a reduced yield and increasing
field-dependence of free charge carrier gen-
eration rather than being caused by more
rapid non-geminate recombination. Notice-
ably, our experiments did not reveal a pro-

nounced increase of the bimolecular recom-
bination coefficient when replacing PCBM
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by higher adduct fullerenes though we meas-
ured a slight decrease in mobility (see SI).
This causes the slight increase in losses due
to non-geminate processes when PCBM is
replaced by ICBA as indicated by the light
coloured area in Figure 1.

It is generally recognized that the mor-
phology, i.e., number of phases, domain size,

Adv. Mater. 2014, 26, 2533-2539
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Figure 2. P-SoXS and GIWAXS data for Si-PCPDTBT blends with different fullerenes a) Lor-
entz corrected P-SoXS sector averages for 282.5 eV photon energy. The upper traces (vertically
offset for clarity) reveal anisotropic scattering with greater intensity perpendicular compared
to parallel to the photon electric field polarization for all samples. The lower traces correspond
to circular integration of the 2-D data. b) Circular averages of the GIWAXS 2-D scattering data
shown in Figure S7. GIWAXS circular averages have been shifted vertically for comparison. In
the circular average the main peaks at g =0.35 and 1.35 (A™") refer to the polymer lamellar and
the fullerene reflection, respectively.
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which scales with the square of the average composition varia-
tions in the samples.3?l The relative composition variations are
0.98, 0.84, 1.0, and 0.94 for Si-PCPDTBT with PCBM, ICMA,
ICBA, and ICTA, respectively. Except for the somewhat lower
value observed for the ICMA blend, the relative purity of the
fullerene and polymer rich domains and/or their volume frac-
tion is thus rather constant. Also, the median characteristic
length scale between domains with similar composition is very
similar for all blends with 30, 30, 35, and 33 nm for Si-PCP-
DTBT blended with PCBM, ICMA, ICBA, and ICTA, respec-
tively. All blends also show scattering anisotropy with greater
intensity perpendicular to the photon electric field (s-scattering)
compared to parallel (p-scattering). Scattering anisotropy cor-
responds to preferential in-plane orientation correlations of
the polymer (edge-on versus face-on) relative to the fullerene
domains.B1331 It is similar in sign and magnitude for all sam-
ples and differences in molecular orientation can thus be elimi-
nated as a contributing factor. The shape and overall intensity
of the GIWAXS scattering profiles are similar for all sam-
ples, indicating that differences in polymer lamellar and 77
ordering as well as fullerene aggregation are minimal. Overall,
the minor differences in active layer morphology observed
cannot explain the observed differences in charge generation.
Consequently, changes in the charge generation yield must
be intimately related to interfacial energetics. In order to eluci-
date this point further, TDCF experiments were performed on
Si-PCPDTBT:PCBM with photon energies of 2.48 eV (500 nm)
which directly excites the S, state,?!] 1.48 eV (840 nm) which
is at the S; absorption onset and 1.25 eV (990 nm), which is

www.MatenaIsVnews.com

0.25 eV below the optical gap of Si-PCPDTBT. The excitation
at 1.25 eV thus exclusively excites the CT state. We varied the
laser fluence according to the absorption to generate the same
amount (+10% deviation) of free charges at every photon
energy. Normalization of the total charge at high reverse fields
then gives a sensitive measure of the field-dependence of free
charge formation at different excitation energies. As shown by
Figure 3a, varying the excitation energy over a 1.0 eV range,
below and above the absorption onset, has essentially no effect
on the field dependence of generation. The same conclusion
was reached when performing TDCF experiments on Si-PCP-
DTBT blends with higher adduct fullerenes (Figure 3b and 3c).
This result is highly remarkable as rather small changes in the
fullerene energy levels (and with that of the driving force) led
to considerable changes in the field-dependent photogenera-
tion. It suggests that the energy released upon the split-up of
the polymer singlet excitons at the interface does not appreci-
ably promote free carrier generation. The same conclusion is
reached for blends with PBDTTPD and different fullerenes,
where we find the field dependence of generation to be unaf-
fected by the excitation energy, too (see Figure S4).24

To substantiate this claim, we determined the IQE spectra
over an even wider wavelength range from the sensitive meas-
urements of the EQE and of the absorption A(E) in conjunction
with optical modelling (see Figure 3d). For the Si-PCPDTBT
blended with PCBM and ICMA, a CT band can be observed
at energies well below the optical gap of the pure donor and
acceptor in both the A(E) and EQE spectra around 1.26 eV and
1.28 eV, respectively (see Table S1). For Si-PCPDTBT blended

05{ PCBM -
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Figure 3. Normalized total charge versus pre-bias for different excitation
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wavelengths for Si-PCPDTBT blended with (a) PCBM, (b) ICBA, and (c)

ICTA. (d) Spectra of EQE, IQE and fraction of modeled absorption as well as the internal generation efficiency (IGE) deduced from TDCF for Si-

PCPDTBT:fullerene blends.
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with ICBA and ICTA, the CT band is par- a) b)

tially masked by the absorption of the pure = 1.25 ; —— : : . S S
materials and the CT energy was determined & Ssrcroar
to be at 1.45 eV and 1.49 eV, respectively. In g 1.00- A. LRI l u g on | ]
addition, we determined the internal gen- 2 | & o
eration efficiency (IGE) as defined by the & 0757 ;@ A 1@ A ™ .@? 1
number of charges generated at short cir- :é [ o [ I

cuit (measured with TDCF) divided by A(E). @ 0501 cm ] ] 1
Thus, the IGE is comparable to the IQE but £ wanl o Pi::: || |
free from losses due to non-geminate recom- 8 = |/ e
bination which may reduce the steady state & /@ s ol

IQE at short circuit. For all material sys-
tems (including blends of PBDTTPD with
different fullerenes, see SI), the steady state
IQE(E) and IGE(E) are independent (within
the sensitivity of the used methods) of excita-
tion energy, irrespective of whether excitation
occurs in the donor, acceptor, or CT state.

The experiments described in this paper
show that the free carrier generation after direct excitation of
the CT state proceeds with a similar field-dependence and yield
as for exciting the polymer and fullerene singlet excitons. This
result indicates that the energy gain upon singlet exciton dis-
sociation has only a minor effect on the yield of the CT state
split-up into free charge carriers. Thus, our results show that
the efficiency of free charge generation must be largely deter-
mined by the split-up of relaxed CT-states (Route 1), in accord-
ance to previous work.[4l

Our data also show that replacing PCBM with higher adduct
fullerenes has a pronounced effect on the total yield and field-
dependence of free charge carrier generation. For Si-PCPDTBT,
these changes are rather gradual when going from PCBM to
ICBA, while a strong decrease in generation efficiency and a
much larger field-dependence of generation is seen when using
ICTA in accordance to Faist et al.}*l There are several possible
causes for this effect: A less favourable microstructure for
bis-PCBM over PCBM in blends with Si-PCPDTBT has been
reported, with the absence of polymer nanofibers in blends with
bis-PCBM.13% Here, we do not find evidence that higher adduct
fullerenes affect the fullerene agglomeration in Si-PCPDTBT,
though we find a slightly decreased mobility when higher
adducts are used (see Figure S6 in the SI). It was also shown
that the aggregation of the PCBM molecules is beneficial for
solar cell performance as this increases the electron affinity by
more than 100 meV.'#3¢ This downward shift in LUMO energy
was proposed to drive electrons out of the intermixed regions
into pure fullerene aggregates, where they become energetically
stabilized.

To address this point we have determined HOMO und
LUMO energies in our blend films with in-situ spectroelectro-
chemistry. Detailed information is given in the experimental
section and the supporting information. In-situ spectroelec-
trochemistry allows us to determine energy levels more pre-
cisely than the conventional method of determining onset or
half wave potentials purely from cyclic voltammograms.?” The
energy levels of the polymer and the fullerenes in the blends
were determined from the Eppconset [V Vs. Fc/Fc'], ie., the
potential corresponding to the onset of changes in the charac-
teristic absorption bands of the neutral or charged states. The

Adv. Mater. 2014, 26, 2533-2539
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Figure 4. Charge generation efficiency at short circuit for Si-PCPDTBT and PBDTTPD blended
with different fullerenes, normalized to the efficiency of the respective PCBM blend, as function
of the energy difference of (a) the lowest singlet state (Es;) and the charge transfer state (Ecy)
and (b) the charge separated state as measured from solution CV (Es_solution) and the charge
transfer state. The dotted gray line is drawn as a guide to the eye.

HOMO and LUMO energies were calculated from the absorp-
tion onsets of the first polymer oxidation and first fullerene
reduction, respectively, for all blends; resulting values are given
in Table 1.

Values of Ecg calculated therefrom are compared to Ecg
determined from solution data in Figure S8-9. Although abso-
lute CS-energies in solution and in the blend are difficult to
compare (see Figure S12), due to differences in the local envi-
ronment (solution versus solid state) and the technique used
to determine Eyono and Ejyyo, they allow a reasonable com-
parison between the different fullerenes. Notably, we find that
the stabilization energy (defined as the difference between
the fullerene LUMO in the solid-state blend and in solution)
decreases significantly when PCBM is exchanged by ICMA,
while both blends exhibit quite similar generation efficiencies.
On the other hand, similar values of the stabilization energy
are measured for ICBA and ICTA, despite large differences in
device performance. We therefore conclude that a reduction in
the stabilization energy cannot fully account for the poorer per-
formance of the higher adduct fullerenes. We propose the effi-
ciency of CT-split-up in our blends to be intimately connected
to the nature and energy of the relaxed CT instead. Figure 4
relates the total photogenerated charge at short circuit to the
difference between Ect and Eg; or Ecs solution for both polymer
systems. Firstly, a sharp decrease of the generation efficiency is
seen when the CT state approaches the pure excitonic states,
as in Si-PCPDTBT:ICTA (Figure 4a). At such small energy
offsets the CT state and excitonic states are in resonance,
mixing their wavefunctions giving the CT state a more local-
ized and bound character.® Related to this, significant sin-
glet exciton recycling from the CT state has been reported for
blends with higher adduct fullerenes.2¢! Secondly, we find
that the generation efficiency decreases when the energy differ-
ence between the CS state and CT state becomes considerably
large (Figure 4b), related to a binding energy of the relaxed CT
state well exceeding the thermal energy.

In conclusion, for a variety of blends, we find the yield and
field-dependence of free charge generation to be unaffected by
excitation energy including direct CT excitation. This finding is
independent of whether the blends exhibit a small or a large
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difference between the singlet exciton energy and the energy of
the charge separated state. We propose that generation proceeds
via the split-up of low-lying CT states irrespective of the initial
excitation energy (route 1 in Figure 1). In accordance with this
interpretation, we find the efficiency of free carrier generation
to be correlated with the energy of the relaxed CT state rela-
tive to the energy of the donor exciton and of the charge sepa-
rated state. Here, Si-PCPDTBT blended with different fullerene
adducts seems to be a model system, with unaffected domain
size, domain purity, molecular orientation and crystallinity
when PCBM is replaced by higher adduct fullerenes. Our find-
ings open up new guidelines for future material design as new
high efficiency materials that require a minimum energetic
offset between CT and CS state while keeping the AEZ as small
as possible.

Experimental Section

Sample Preparation: Sample preparation was described in detail in
Ref. [7]. Just briefly Si-PCPDTBT (Mn =9 kDa, PDI = 3.32) and PBDTTPD
(Mn = 36 kDa, PDI = 1.8) were provided by Konarka and synthesised at
UC Berkeley,? respectively. PCBM (phenyl-Cg;-butyric acid methyl ester)
(Solenne), ICMA (indene Cgy mono-adduct) (Lumtec), ICBA (indene Cg
bis-adduct) (Lumtec) or ICTA (indene Cgq tris-adduct) (Solarischem)
were mixed with the donor polymers in a 1:1.5 ratio donor:acceptor.
85 nm thick films of Si-PCPDTBT:fullerene blends were spun from
70 °C hot solutions (36 mg/mL) in dichlorobenzene. 80 nm thick
films of PBDTTPD:fullerene blends were spun from ~100 °C solutions
(20 mg/mL) in chlorobenzene.

Cyclic Voltammetry and In-Situ Spectroelectrochemistry: All electro-
chemical experiments were performed with an Autolab PGSTAT101
potentiostat (Metrohm, Germany) in a three electrode glass-cell under
argon atmosphere at room temperature. The HOMO and LUMO
values were calculated from the half-wave potentials (referenced to the
formal potential of the internal redox standard Fc/Fc*)l assuming that
the energy level of Fc/Fc* is at —4.8 eV under the vacuum level.*l For
further experimental details we refer to the supplementary information.

Photothermal ~ Deflection ~Spectroscopy: PDS was performed as
described in Ref. [24].

Solar Cell Performance, External Quantum Efficiency, and Time Delayed
Collection Field: is described in Ref [7]. For TDCF measurements we
can rule out any residual parasitic laser wavelengths (i.e., 1064, 512, or
355 nm, or the OPO idler if signal was used) by carefully checking the
beam quality at the position of the sample with a spectrophotometer.
Also, the conversion efficiency of the OPO at the double pump frequency
around 710 nm is close to zero. Thus, only blends having a suitable EQE
above 750 nm can be measured in the sub band-gap region.

Internal Quantum and Generation Efficiency: The (IQE) was calculated
by dividing the EQE by fraction of absorption in the active layer. The
absorption coefficient as a function of photon energy oa(E) below the
band-gap of the donor polymer and the fullerene was measured by PDS.
The fraction of absorption A(E) in the active layer of the solar cell device
was modelled via o(E) with a transfer matrix formalism,? taking into
account the multi-reflections and interference of all layers in the solar
cell stack. Additionally, we calculated A(E) by the simplified assumption
of the incoming wave passing through the active layer twice due to
reflection from the metallic cathode, according to A(E) =1-e(2¢(®)9) with
o and d being the absorption coefficient and the active layer th|ckness,
respectively. In this way the modelled IQE values can be quantitatively
compared to calculations without the need of additional optical
constants (e.g., the electrodes), which may cause errors to the IQE in
the sub band-gap region. From TDCF experiments, the IQE of charge
generation in the absence of transport or non-geminate recombination
losses is determined (assigned here as the internal generation efficiency,
IGE) as function of excitation energy.
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Polarized Soft X-ray Scattering: P-SoXS characterization was conducted
at Beamline 11.0.1.2 of the Advanced Light Source (ALS)*! in the soft
X-ray energy regime (~280 eV, see Figure S7 for material contrast). A
section of film from the PEDOT:PSS-coated glass substrates was floated
onto 1.5 x 1.5 mm silicon nitride windows. The 1-D averaged intensity
is multiplied by q? (i.e., Lorentz correction), which corresponds to an
azimuthal integration of the 2-D data.

Scanning Transmission X-ray Microscopy: STXM was conducted at
Beamline 5.3.2.2 of the ALS.*Yl During measurement, the chamber was
filled with 1/3 ATM He.

Grazing Incidence Wide Angle X-ray Scattering: GIWAXS was conducted
at Beamline 7.3.3. of the ALS¥! using a Dectris Pilatus 1 M photon
counting detector. Blend films were measured at an incident angle of
~0.14°, above the critical angle so the X-ray beam penetrated to the
substrate. The photon energy used for GIWAXS was 10 keV. Air scatter,
which provides a background signal, was reduced using helium gas.

Supporting Information

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