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Abstract 
 

Understanding the Limitations of Organic Photovoltaics 

by 

Nora Schopp 

 

Organic Photovoltaics (OPVs) harvest energy directly from sunlight. They comprise a 

molecular or polymeric carbon-based donor:acceptor blend (bulk heterojunction or BHJ) in 

between two electrodes. OPVs underwent tremendous progress in the past few years, now 

reaching Power Conversion Efficiencies (PCEs) of over 19%. In contrast to their well-established 

inorganic counterparts, OPVs are lightweight, thin, and flexible, and they can be tuned on the 

molecular level, allowing the modification of color and transparency. These unique properties 

make OPVs ideal candidates for integrated energy harvesting solutions as their optical tunability 

and solution-processability are favorable for integration into buildings. However, to date, OPVs 

do not meet the requirements for widespread commercialization. I) High-performing systems 

suffer from reproducibility challenges due to batch-to-batch variations and II) a systematic in-

depth understanding of the structure-property relationships is absent. Lastly, III) Semitransparent 

OPVs (ST-OPVs) still suffer from poor performances even though theoretical calculations 

predict high PCEs even for systems with 100% average visible transmittance (AVT). This work 

focuses on the understanding of these limitations through a multidimensional approach, including 

both experimental and simulation-based methods. After an introduction to OPVs in Chapter 1, 

various techniques used in this work are discussed in Chapter 2. Chapter 3 investigates residual 

catalysts traces as a possible cause for batch-to-batch variations, addressing I) and II). The 

systematic addition of Pd(PPh3)4 to PTB7-Th:IOTIC-4F devices and its effect on the morphology 



 

 xv 

and the optoelectronic processes is studied. A drop in performance is observed that is due to 

altered material properties and different loss mechanisms, but the system showed robustness to 

0.75% Pd(PPh3)4, an amount typically not exceeded after purification. Next, Chapter 4 presents 

a new approach to unravel the optoelectronic processes under short-circuit conditions, facilitating 

the study of II). We propose a new method to obtain the geminate prefactor Pg, the mobility-

lifetime product µτ, and the extraction efficiency η, using only standard measurements and 

simulations. Our simple method also predicts the optimal device configuration and active layer 

thickness with greater accuracy than optical transfer matrix simulations, providing a fast and cost-

effective alternative to the experimental device optimization. The following chapters focus on 

narrow-band gap ST-OPVs for integrated energy harvesting solutions, addressing III). Chapter 5 

identifies changes in ST-OPVs that are concomitant with increased transparency. Reduced 

generation rates and altered generation rate profiles lead to a reduced open-circuit voltage (Voc) 

and changes in the recombination dynamics. We show that high-purity and low-trap-density 

active layers are crucial. Furthermore, transparent devices are sensitive to shunt-leakage, 

highlighting the need for high-quality active layers even more. The impact of surface 

recombination decreases with increased AVT and limitations due to high series resistance 

decrease, suggesting considering a wider range of transparent electrode materials. Chapter 6 

focuses on the interfacial recombination in the narrow-band gap system PCE10:COTIC-4F. Our 

findings indicate that ZnO is the most suitable front electrode due to low interfacial 

recombination, efficient charge extraction, and favorable energy level alignment. Other electrodes 

are studied, including ZnO functionalized with PFN-Br, PEDOT:PSS and CPE-K. The present 

results show that interfacial recombination plays a significant role in narrow band gap OPV 

systems and future research in this direction will be necessary to overcome the PCE bottleneck 

arising from surface traps. Lastly, Chapter 7 introduces an experimental approach to obtain OPVs 
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with highly transparent active layers, addressing II) and III). Devices with donor concentrations 

of 40% to 20% show high average visible transmittance (AVT) values of 64% to 77%. The AVT 

increases with lower donor concentration due to reduced visible range donor absorption and 

increased near-IR acceptor absorption. We investigate morphology, charge generation, charge 

recombination, and charge extraction, and propose further optimization of the interfaces and 

active layer morphology. 
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Chapter 1: Introduction 

Energy (Ancient Greek: ἐνέργεια, enérgeia, ‘activity’, SI unit joule) is a conserved physical 

property; it cannot be created or destroyed. However, energy can be transferred from one system 

to another through work, the exchange of heat, or light. The complex metabolic processes that 

sustain living organisms are one of many fascinating examples of energy conversion; without 

energy, there is no life.  

Electricity is one of the most prominent forms of energy. The flow of charged particles, such 

as electrons, results in an electric current that is associated with electric power. Electric power (SI 

unit joule per second or watt) is the rate at which electric energy is transferred in an electric circuit. 

Electricity is a so-called ‘secondary energy source’ as it can only be obtained through the 

conversion of primary energy sources such as coal, petroleum, wind, or solar energy. 

Our modern lifestyle relies heavily on electricity in all aspects. It increases our comfort, frees 

up our time, and allows us to push the boundaries of what humankind is capable of. Electric 

heating and lighting in buildings gave us independence from nature’s rhythm – we stay warm in 

the winter, and we can read after sundown. Electronic features have increased our safety in the 

transportation sector and help to created countless automated systems. Information exchange 

and electronic devices connect and entertain us. All of this would be impossible without 

electricity.  

1.1 The Energy Landscape 

The energy landscape in the United States is made of a mix of non-renewable and renewable 

energy sources and is expected to undergo a shift over the next decades towards more sustainable 

energy. 
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Figure 1.1. a) Rise of the solar capacity in the U.S. b) The Energy Landscape in the United 
States by technology in 2021 and predicted for 2050. Data obtained from the Annual 
Energy Outlook 2022 and the US Energy Information Administration.[1,2]  

Currently, the energy landscape in the United States is dominated by fossil fuels. Natural gas 

(methane, CH4) combustion is the main source of energy and is produced from on- and off-shore 

natural gas and oil wells and coal beds, making up 37% of the total electricity generation Natural 

gas is followed by coal, contributing with 23% significantly to the total electricity generation as 

well. Coal is a carbon- and carbon hydrate-rich substance, formed over millions of years from 

plants under pressure and heat.[3,4] Due to its carbon-rich composition, its combustion releases 

large quantities of carbon dioxide (CO2) into the atmosphere. It is well understood that carbon 

dioxide is a main driving force for climate change and that CO2 emissions need to be reduced or 

eliminated to mitigate the climate crisis. In addition, the burning of coal leads to emissions that 

pose a serious health hazard to the public that has been linked not only to respiratory symptoms 

but also to cardiovascular diseases, resulting in increased mortality.[5–7] CO2 emissions can be 

reduced by about 50% when switching from coal to natural gas for electricity production. While 
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not providing a long-term answer to the climate crisis, an immediate reduction of emissions is 

necessary and thus natural gas plays a critical role in the transition to a sustainable energy 

landscape.[8]  

One way to generate CO2 emission-free electricity is through nuclear power. As of 2021, 19% 

of the electricity in the US is generated through nuclear fission, the process in which large 

quantities of energy are released due to the splitting of heavy atomic nuclei. In this process, a 

neutron splits a heavy atom such as uranium into lighter atoms, releasing energy in form of heat 

and radiation and new neutrons. These neutrons then collide with other uranium atoms, leading 

to a chain reaction.[9] While sometimes considered a technology that can help mitigate climate 

change, utility-scale nuclear power has very limited potential to contribute to a sustainable 

future.[10–12] Not only are uranium sources limited, but also a growing social opposition, complex 

licensing, and long-term costs are major bottlenecks.[12] It can furthermore be argued that no 

complex case studies are needed to underline that nuclear power is everything but an 

environmentally friendly solution to the climate crisis, since modern history has shown repeatedly 

that we are incapable of controlling nuclear technology reliably. Nuclear accidents have resulted 

in detrimental environmental impacts and adverse health outcomes for millions of people due to 

radiation.[13–16] Furthermore, waste management bears unforeseeable intergenerational conflicts 

due to the necessity of extremely long-term (≈ 10,000 years) solutions.[17,18] Thus, while possibly 

‘cheap’ for the energy provider, nuclear power comes with incredibly high long-term costs. 

In contrast to the above-discussed non-renewable energy sources, each coming with their own 

drawbacks, renewable energy sources such as wind and solar pose low risks for the population 

and environment. These energy sources combined account for about 21% of the total energy 

generation.[1] The largest share of the renewable energy production goes to wind energy (43%), 

followed by hydro-electric (30%) and solar energy (19%).[1] Renewable energy sources can 
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contribute to minimizing the further rise of the global temperatures by reducing emissions. The 

drastic change in climate is caused by the emission of greenhouse gases, which leads to an 

expected temperature rise of about 1.5 – 5 °C by 2050 with detrimental outcomes.[19,20] The 

increase in temperature comes with negative impacts on agriculture and ecosystems, an increase 

of extreme weather events, increased mortality due to heat-related deaths, as well as various socio-

economic impacts.[21–23] Renewables play a critical role in meeting the climate goals established by 

the 2015 United Nations Climate Change Conference in Paris (COP21) aiming to keep global 

temperatures < 2 °C above pre-industrial levels. To meet the goals, renewable energy technologies 

can be implemented with a mix of an increased energy-efficiency, reforestation, changes in 

agriculture and manufacturing, electrification of transport and buildings, and potentially carbon-

capture technology. 

In the case of wind energy, wind directly generates electricity in a wind turbine and in the case 

of hydro-electric power turbines are moved by the flow of water, for example a river or a waterfall. 

Both technologies have a low footprint, mainly related to the manufacturing and installation of 

the turbines. Critics of these renewable technologies cite concerns about the local ecosystems; 

however, these risks must be assessed in comparison to the global long-term environmental 

impacts that come with non-renewable technologies. Wind and hydro-electric power generation 

are emission free after construction and installation of the turbines, offer low-cost energy, and 

thus can contribute to a shift to clean energy production. Wind is the result of uneven heating 

though solar energy, thus can be considered a secondary form of solar energy, that is constantly 

replenished. Both on-shore and off-shore wind parks exist for utility-scale power generation. 

While providing clean energy, low-frequency noise concerns and the impact on the scenery are 

often cited by critics of this technology and wind power fluctuation lead to uncertainty and pose 

a challenge for grid integration.[24–26]  
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Hydro-electric power can be stored by pumping water into higher elevation reservoirs, that 

can then be released later. The adaptability to demand is a big advantage of this technology, 

however, the construction of dams can impact the local environment, require relocation of 

populations and harm biodiversity.[27] Therefore, a sustainable development of hydropower is 

crucial. If done right, this technology can play a big part in sustainable electricity generation and 

can help meet the electricity need in developing countries.[27–29] 

Geothermal, bio energy, and marine energy make up small fractions of the energy landscape. 

The remaining 19% of the renewable energy production originates from solar power, that 

harvests energy from sunlight. Solar energy includes electricity generation with photovoltaic (PV) 

panels or through mirrors that concentrate solar radiation (solar concentrators). The former 

convert electromagnetic radiation into electricity though the photoelectric effect and the latter 

convert the energy into heat, which can then be used to produce electricity or stored for later use. 

Solar energy is cost-effective and underwent enormous growth in the past decade, as illustrated 

in Figure 1.1a. Due to this special role of photovoltaic technology and its central position to this 

work, the next sub-chapters will be dedicated to solar energy and PV technology.  

1.2 Solar Energy and the Solar Spectrum 

The energy of the sun reaches the earth in the form of electromagnetic radiation. The 

temperature in the core of the sun is about 1.5107 K. At such a high temperature atoms form 

plasma, a mix of ions and electrons, and nuclei move fast enough to collide and fuse, releasing 

large amounts of energy in the form of radiation.[30] The sun’s electromagnetic radiation is partially 

absorbed in the earth’s atmosphere. The remaining radiation that reaches the earth’s surface is 

described by the AM1.5 spectrum (red), shown in Figure 1.2. The spectral intensity depends on 

the wavelength and constitutes IR-radiation, visible light, and UV radiation. Visible light is the 
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part of the electromagnetic spectrum in the wavelength region between 380-780 nm and the 

sensitivity of the human eye is described by the so called photopic response function V(λ) (black).  

 

Figure 1.2. AM1.5 spectrum and the photopic response V in different wavelengths 
regions.  

Because of the wave-particle duality, the radiation can be described as particles (photons) with a 

certain momentum p, or as waves with a certain wavelength λ, convertible according to the de 

Broglie formula 𝜆 = ℎ/𝑝 where h is the Planck constant.  

𝐸 = ℎ 𝜈 = ℎ
𝑐

𝜆
     (1.1) 

The energy E of a single photon is proportional to its frequency ν, or to the speed of light c 

divided by the wavelength λ. Photovoltaic cells convert this energy into electricity. 

1.3 Photovoltaic Technologies 

The photoelectric effect describes the observation of the emission of photo electrons upon 

irradiation of a material with electromagnetic radiation. The discovery of the photoelectric effect 

in 1839 by Becquerel laid the groundwork for solar energy generation. A few decades later, in 
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1888, the first patents (U.S. 389124 and U.S.389125) for solar cells were issued to Ed. Weston.[31,32] 

Then, in the 1950s, intense research efforts at Bell labs led to the first photovoltaic cell based on 

Si, reaching photoconversion efficiencies (PCEs) of 4%.[33] The PCE describes the fraction of 

solar power that is converted to electric power. Within few years, the PCEs increased to 14% 

(1960) and solar cells became a viable technology with their first applications in satellite and space 

technology.[34] Since then, the PV field has evolved dramatically. A large spectrum of different 

technologies has emerged, including inorganic single-crystal and polycrystalline Si cells, CdTe-

based cells, GaAs-based cells, polycrystalline thin-film photovoltaics, as well as perovskite, dye-

sensitized, and organic photovoltaics (OPVs)[35–37] Figure 1.3 shows the evolution of the record 

laboratory cell efficiencies for technologies based on different semiconductor materials. 

 

Figure 1.3. Solar cell efficiency timeline. Adapted from the NREL Best Research-Cell 
Efficiency Chart.[37] Si and GaAs data shown is for single crystal cells. 

Inorganic solar cells are based on Si, CdTe, CuInGaSe (CIGS) or GaAs. Single crystal Si cells 

are the most common type, making up about 95% of the sold PV modules.[38] They feature PCEs 

of over 25% and offer long-term stability of 25+ years at costs that have steadily declined in the 

past decade[39,40]. Thanks to the abundance of Si and the maturity of the technology, Si solar cells 
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can nowadays be found in many places worldwide. Besides utility-scale power generation, they 

can serve off-grid applications such as parking meters, portable chargers, or streetlights and they 

can be integrated into buildings, greenhouses, or vehicles. They also play an important role in the 

electricity generation and (waste-)water treatment in developing countries.[41–55]  

The second most common PV technology are CdTe-based PVs, which reach PCEs of up to 

22%.[37] CdTe, in contrast to Si, is a direct band gap semiconductor material with an optimal band 

gap of about 1.5 eV to harvest energy from sunlight, therefore only thin (≈ 1 μm) films are 

needed. In a direct band gap semiconductor, the momentum of electrons and holes at the top of 

the valence band and the bottom of the conduction band are the same, and absorption can occur 

easily. In contrast, in an indirect band gap material an electron must interact not only with the 

photon to gain energy, but also with a lattice vibration called a phonon in order to either gain or 

lose momentum. Light can therefore penetrate farther before being absorbed in an indirect band 

gap material than a direct band gap material.[56] 

CdTe modules can be manufactured at low costs with even shorter payback times than for 

Si.[57] In contrast to Si, CdTe modules are not subject to photodegradation and degradation at 

elevated temperatures, bearing an important advantage in harsh conditions (module operating 

conditions: −40 to 85 °C).[57,58] Moreover, CdTe is upcycled from mining waste and recycling of 

the material at the end of the panel lifetime lowers the environmental impact.[57] Due to its 

stability, toxicity concerns are minimal. Thanks to these advantages and the improvements in the 

PV design, the market share of CdTe is expected to grow in the next years.[59] 

Copper indium diselenide (CuInSe2) also called CIGS cells are another thin-film PV 

technology. These cells show high efficiencies of about 20% in the lab, however, the transition 

from lab to manufacturing remains challenging and commercial modules have efficiencies of 12-
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14%.[60,61] GaAs PV are expensive due to epitaxial growth of the III-V semiconductor, but high 

performing, thus a good option for space applications.[62] They reach PCEs of up to 30.8%.[37] 

Perovskite PVs are an emerging thin-film technology. Thanks to their solution-processability 

they can be printed, spin-coated, or vacuum-deposited onto a substrate. The technology 

underwent impressive progress in the past decade and PCEs that are comparable with the 

inorganic technologies have been reached (current record 25.7%).[63,64] Perovskite PVs are named 

after the crystal structure of the hybrid organic-inorganic photoactive material, which contains 

lead, leading to environmental concerns.[63,64] In contrast, organic PV are lead free and are based 

on carbon-based molecules and polymers. The next chapter will describe this technology in detail. 

1.4 Organic Photovoltaics 

Organic Photovoltaics are a thin-film PV technology that relies on carbon-based photoactive 

materials. In contrast to their inorganic counterparts, they are solution-processable, lightweight, 

thin, flexible and tunable on the molecular level, enabling the modification of color and 

transparency.[55,65,66] OPVs promise cost-effective and environmentally friendly energy harvesting 

from sunlight and are prime candidates for new integrated energy-efficient solutions.[65,67–69] 

However, to compete with their inorganic counterparts, OPVs still need to overcome several 

challenges. The following sub-chapters introduce the photoactive materials and the working 

principle of OPV devices. 

1.4.1 Organic Semiconductors 

Organic PVs rely on organic semiconductors that are of molecular or polymeric nature. The 

carbon-based molecules exhibit semiconducting properties due to their specific electronic 

configuration.[70–72] The first observation of electronic conductivity in organic materials was made 
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on anthracene crystals in the early 20th century.[70,73] In 2000, the Nobel prize in Chemistry was 

awarded to Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa ‘for the discovery and 

development of conductive polymers’.[74] The field has evolved since, and a plethora of organic 

semiconducting molecules is known, ranging from small molecules to oligomers and polymers. 

They all have a so-called conjugated π-electron system in common, that arises from alternating carbon-

carbon single and double bonds.  

 

Figure 1.4. Chemical structure of ethene and its molecular orbital diagram. 

The simplest example of a molecule with a double bond is ethene, which can be polymerized 

to polyethylene (see Figure 1.4). In ethene, the C-atoms are sp2-hybridized and each C-atom 

forms two σ-bonds with H-atoms and one with the neighboring C atom.[55,70,75] Carbon, being 

positioned in group 4 in the periodic table, has four valence electrons. Thus, one electron remains 

unhybridized in the pz orbital. These pz electrons overlap and form the conjugated, delocalized 

systems of electrons that is responsible for the semiconducting properties.[76] The interactions of 

the pz orbitals give weaker bonding (π) and antibonding (π*) energy levels than the σ-σ bonds 

(smaller split in the molecular orbital scheme). As a result, the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) correspond to the bonding π-

orbital and anti-bonding π* orbitals. Commonly, only the π and π* are depicted for simplicity. 
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Figure 1.5. Chemical structures of ethene, 1,3-butadiene, and polyethylene (top) and 
schematic representation of their π and π* orbitals, demonstrating the band gap narrowing 
with extended conjugation length. 

When polymerizing ethene to polyethylene, first a dimer is formed (1,3-butadiene). In this 

case, the molecule has two double bonds and four π-electrons. For each additional repeat unit, 

the conjugated system is extended by two additional π-electrons. Figure 1.5 shows schematically 

how the degree of polymerization impacts the electronic structure. For n repeat units, n π-orbitals 

are formed. By the laws of quantum mechanics, these cannot be degenerate and must have distinct 

energies.[56,77] As more and more repeat units are added, the energetic difference between each 

energy level becomes smaller and smaller. Eventually, in a polymeric material, the energy 

differences become infinitesimal small and quasi-continuous bands are formed. The HOMO level 

can therefore be seen as an analogue to the top of the valence band and the LUMO as an analogue 

to the bottom of the conduction band in inorganic semiconductors. It becomes furthermore 

evident, that the gap between the HOMO and LUMO shrinks with extension of the conjugation 

length.[55,78] This HOMO-LUMO gap is also referred to as the band gap Eg, a fundamental material 
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parameter for semiconductors that defines the material’s interaction with light and its 

conductivity. 

 

Figure 1.6. Schematic illustration of the interaction of light with an organic semiconductor 
and promotion of an electron from the HOMO to the LUMO, forming a coulombically 
bound exciton. 

Upon irradiation with light that has an energy larger than the band gap, an electron is excited 

from the HOMO to the LUMO level. In organic semiconductors, a coulombically bound 

electron-hole pair is formed, a so-called exciton, as shown in Figure 1.6.[79,80] In the case of 

inorganic semiconductors, free charge carriers (not coulombically bound electrons and holes) are 

generated immediately upon charge excitation due to higher dielectric constants (more screening 

of the charges), corresponding to small exciton binding energies. Organic semiconductors 

however have low dielectric constants of ε ≈ 2-3, meaning that the electron and hole are initially 

coulombically bound and therefore possess a large exciton binding energy.[81,82] To overcome this 

large exciton binding energy, so called bulk heterojunction solar cells have been developed that 

are comprised of a blend of two organic semiconductor materials: a donor and an acceptor 

material. The blend forms a percolating network with large interfacial areas of the donor- and 

acceptor-rich domains. At the interfaces, charges can separate into free charge carriers.[79,83,84] A 

more detailed explanation can be found in the following sub-chapter 1.4.2. 



 

 13 

 

Figure 1.7. a) Chemical structure of the fullerene acceptor PC61BM. b) Chemical Structure 
of the non-fullerene acceptor COTIC-4F and examples of chemical modifications. 

Common donor polymers are P3HT, PTB7-Th, PM6, and PM7, to name a few. These donor 

polymers are more electron-rich than the acceptor molecules they are paired with. In the past, 

OPVs relied on so called fullerene acceptors.[85–87] Nowadays, so called non-fullerene acceptors 

(NFAs) outperform fullerene acceptors thanks to strong absorption, ease of synthesis, improved 

stability, solubility, and crystallinity, as well as lower energy losses.[66,88,89] The transition to NFAs 

has improved the PCEs tremendously and thanks to the chemical design freedom of the newer 

class of acceptors, the materials can be fine-tuned for an optimal OPV performance.[66,88,89]  

1.4.2 OPV Device Structure and Working Principle 

The mixture of donor and acceptor in a BHJ solar cell is called the photoactive layer or simply 

the active layer. It is placed between two electrodes, an anode (hole extraction) and a cathode 

(electron extraction), as shown in Figure 1.8a. The BHJ blend forms a percolating network of 

donor and acceptor domains that can vary in domain size, the domain purity, the degree of 

mixing, the crystallinity, and the molecular packing.[90–93] These aspects of the BHJ layer are called 
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morphology. Morphology plays a critical role in the device performance and a set of techniques 

exists to address these material characteristics.  

 

Figure 1.8. a) Schematic device structure of a BHJ solar cell. b) Energy level diagram of 
the solar cell. 

Figure 1.8b shows a schematic of the energy diagram of an organic solar cell. The HOMO and 

LUMO of the donor and acceptor molecules as well as the energy levels of the respective 

electrodes align in such way, that a photogenerated electron can cascade down from the LUMO 

of the donor to the LUMO of the acceptor and to the cathode. Electrons lose energy as they 

cascade down in the potential energy landscape, holes lose energy when they move up. Likewise, 

a hole can move up in the energy gradient from the HOMO of the acceptor to the HOMO of 

the donor and to the anode. Note, that the energy levels for the anode and cathode, which are 

conductive materials, represent their Fermi levels.[94] It becomes evident that the selection of 

suitable material combinations and suitable electrode materials is critical to obtain a working 

device.  
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Figure 1.9. a) Schematic illustration of the optoelectronic processes in an OPV. b) 
schematic representation of bimolecular and c) trap-assisted recombination. d) Illustration 
of surface traps and e) bulk traps, both causing trap-assisted recombination. 

Upon shining light onto the device, a photogenerated exciton is formed, which is 

coulombically bound, as discussed above. It migrates to the interface of a donor- and an acceptor-

rich domain, where it can split into free electron and hole. The electron migrates though the 

acceptor material and the hole though the donor material until the charge carriers are extracted 

at the respective electrodes to perform work in the outer circuit.[75,86] This is the ideal description 

of the optoelectronic processes, shown in Figure 1.9a in the top row. In reality, different 

recombination loss mechanisms can occur. First, the bound electron hole pair can recombine 

before the charge carriers split apart. This type of recombination of charge carriers that originated 

from the same photo-excitation is called geminate recombination.[95–98] 

The recombination of free electrons and holes (from different photo-excitations) is 

summarized as non-geminate recombination. Different subcategories of non-geminate recombination 
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are shown in Figure 1.9b-e. Bimolecular recombination occurs when free electron and free hole meet 

in the blend and annihilate each other. When one of the charge carriers is localized in a trap state 

and the other charge carrier migrates though the blend to meet and recombine with the trapped 

charge carrier, it is referred to as trap-assisted recombination.[99–102] Trap-assisted recombination 

can further be sub-divided into bulk trap-assisted recombination and surface trap-assisted 

recombination, depending on the location of the traps. Trap states are any energy levels in the 

band gap of the photoactive blend. They can be of different origin, for example, they can be due 

to chemical impurities such as catalyst residues or synthesis side products, due to oxygen and 

water contamination, or due to morphological irregularities.[100,103–105] 

The sum of these optoelectronic processes and the recombination contributions govern the 

solar cell efficiency (see section 2.3). They can be probed though various experimental techniques 

that are discussed in Chapter 2:. 

1.5 Summary of Chapters 

Chapter 2: Material and Device Characterization 

Chapter 2 provides an overview of common OPV characterization techniques. It provides the 

reader with the fundamental background information about the techniques used in this 

dissertation work. Morphological characterization, optical characterization, electrical 

characterization, determining energy levels, and probing recombination losses are covered. 

 

Chapter 3: Effect of Palladium-Tetrakis(Triphenylphosphine) Catalyst Traces on Charge 

Recombination and Extraction in Non-Fullerene-based Organic Solar Cells 

The effect of the cross-coupling catalyst tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) on 

the performance of a model organic bulk-heterojunction solar cell composed of a blend of 
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poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7-Th) donor and 3,9-bis(2-methylene-

((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene (IOTIC-4F) non-fullerene acceptor is 

investigated. (Pd(PPh3)4) is commonly used in the synthesis of organic semiconductor materials. 

The effect of intentional addition of different amounts of Pd(PPh3)4 on morphology, free charge 

carrier generation, non-geminate bulk trap- and surface trap-assisted recombination as well as 

bimolecular recombination and charge extraction is quantified. This work shows that free charge 

carrier generation is affected significantly, while the impact of Pd(PPh3)4 on non-geminate 

recombination processes is limited because the catalyst does not facilitate efficient trap-assisted 

recombination. The studied system shows substantial robustness towards the addition of 

Pd(PPh3)4 in small amounts. 

 

Chapter 4: A Simple Approach for Unraveling Optoelectronic Processes in Organic Solar 

Cells Under Short-Circuit Conditions 

The short-circuit current (Jsc) of organic solar cells is defined by the interplay of exciton 

photogeneration in the active layer, geminate and non-geminate recombination losses and free 

charge carrier extraction. The method proposed in this work allows the quantification of geminate 

recombination and the determination of the mobility-lifetime product (µτ) as a single integrated 

parameter for charge transport and non-geminate recombination. Furthermore, the extraction 

efficiency is quantified based on the obtained µτ product. Only readily available experimental 

methods (current-voltage characteristics, external quantum efficiency measurements) are 

employed, which are coupled with an optical transfer matrix method simulation. The required 

optical properties of common organic photovoltaic (OPV) materials are provided in this work. 



 

 18 

The new approach is applied to three OPV systems in inverted or conventional device structures, 

and the results are juxtaposed against the µτ values obtained by an independent method based 

on the voltage–capacitance spectroscopy technique. Furthermore, it is demonstrated that the new 

method can accurately predict the optimal active layer thickness. 

 

Chapter 5: On Optoelectronic Processes in Organic Solar Cells: From Opaque to 

Transparent 

ST-OPVs promise integrated, sustainable, low-cost energy harvesting solutions. However, 

current efficiency limitations must be overcome to make ST-OPV a competitive technology. In 

this simulation-based work, the effect of the selective transparency on the photoelectronic 

processes in ST-OPVs is studied and changes in the generation–recombination dynamics and the 

extraction efficiency are demonstrated that are causally linked to the increased transparency. The 

study of five model systems with transparent indium tin oxide (ITO) back electrodes and 

systematically varied extinction coefficients and an opaque cell with Ag back contact allows to 

quantify these changes in the photoelectronic processes. We further address the role of the series 

and the shunt resistors while keeping all other parameters of the modeled devices identical. The 

findings demonstrate the increased importance of the active layer quality in ST-OPVs and indicate 

that ST-OPVs benefit from a wider choice of transparent electrode materials. 

 

Chapter 6: Understanding Interfacial Recombination Processes in Narrow Band Gap 

Organic Solar Cells 

Recombination losses in OPVs remain a performance-limiting factor, including bulk trap-assisted 

recombination and interfacial recombination at the electrode:active layer interface. In this work, 

we demonstrate the role of the front electrode:active layer interface in a narrow-band-gap system, 
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PCE10:COTIC-4F, a promising candidate for semitransparent organic photovoltaics. We 

systematically address charge generation, recombination, and extraction, with a focus on 

interfacial recombination via surface traps by a comparison of four device structures with 

electrodes based on ZnO, ZnO/PFN-Br, PEDOT:PSS, and a self-doped conjugated 

polyelectrolyte (CPE-K). The amount of interfacial recombination is affected significantly by the 

electrode choice, while similar levels of bulk recombination are maintained. For the studied blend, 

we identify ZnO as a suitable choice, as it pairs low surface recombination rates with beneficial 

charge carrier generation, favorable energy level alignment, and efficient extraction. In contrast, 

PEDOT:PSS-based devices suffer from increased interfacial recombination, which can be 

suppressed when CPE-K is used instead. 

 

Chapter 7: Unraveling Device Physics of Dilute-Donor Narrow Band Gap Organic Solar 

Cells with Highly Transparent Active Layers 

The charge generation–recombination dynamics in three narrow band gap near-IR absorbing 

non-fullerene (NFA) based OPV systems with varied donor concentrations of 40%, 30%, and 

20% are investigated. The dilution of the polymer donor with visible-range absorption leads to 

highly transparent active layers with blend average visible transmittance (AVT) values of 64%, 

70%, and 77%, respectively. Opaque devices in the optimized highly reproducible device 

configuration comprising these transparent active layers lead to PCEs of 7.0%, 6.5%, and 4.1%. 

The investigation of these structures yields quantitative insights into changes in the charge 

generation, non-geminate charge recombination, and charge extraction dynamics upon dilution 

of the donor. Lastly, this study gives an outlook for employing the highly transparent active layers 

in ST-OPVs. 
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Chapter 2: Material and Device Characterization 

2.1  Morphological Characterization 

The morphological features of BHJ blends impact the device performance by influencing 

charge generation, recombination, transport, and extraction.[91,106] Morphology is an overarching 

term for the various aspects of the orientation and distribution of the materials in the three-

dimensional volume of a film, including the features of the percolating donor-acceptor network, 

the phase separation, domain size and purity, film roughness, the order, crystallinity, and the 

molecular interactions. The understanding of these features in the nm- and μm-scale can pose a 

challenge and special techniques are necessary to gain insights into the different morphological 

aspects which can guide the material and device development. This chapter serves as an overview 

of various morphological characterization techniques that are used in the OPV field. 

2.1.1 AFM, c-AFM and pc-AFM 

2.1.1.1 AFM 

Atomic Force Microscopy (AFM) is a technique to probe the surface morphology on the 

nanometer-scale. In AFM, an atomically sharp tip is mounted on a cantilever that scans the film’s 

surface, schematically shown in Figure 2.1.  

A laser beam is reflected at the cantilever which then hits a photodetector. Depending on the 

local height of the surface of the sample, the cantilever is positioned in a different angle and the 

laser beam is deflected to a different location on the position sensitive photodetector (PD). This 

way, information about the surface height can be deducted, giving the topography image. This 

mode of AFM is called contact mode.[107,108] 
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Figure 2.1. Schematic of an AFM setup in contact mode. 

The AFM can also operate in tapping-mode. In this case, the tip oscillates near its resonance 

frequency while scanning the surface. Changes in the oscillation amplitude are measured, which 

are related to the sample-tip interaction, and the topography information is obtained.[109,110] 

Various examples of tapping-mode and contact-mode AFM images can be found in the following 

chapters. Their roughness-mean-square value is commonly reported as a measure for the surface 

roughness. It can be obtained with various image editing software packages, such as with 

Gwyddion.[111] 

2.1.1.2 c-AFM and pc-AFM 

Conductive-AFM or c-AFM is a variation of the contact-mode AFM technique in which a 

conductive probe is used. The probe can collect or inject charge carriers from/into the sample. 

While scanning the surface, not only a topography image but also a current image is obtained. If 

the c-AFM setup has the addition of a light source than can illuminate the sample from the 

bottom through a transparent substrate, photo-conductive AFM (pc-AFM) measurements can 

be carried out.[112–115] In c-AFM and pc-AFM, both the tip and the substrate must be conductive. 

This technique has the unique benefit of visualizing donor- and acceptor rich domains in a 

BHJ blend of a solar cell. Typically, a high work function tip (Au or Pt/Ir) scans the BHJ film 
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which must be deposited on a conductive substrate. A small positive bias can be applied to the 

sample to direct the flow of photogenerated electrons toward the substrate. As the high work 

function tip collects holes from the blend, a high photocurrent signal corresponds to efficient 

hole extraction from a donor-rich domain. Consequently, low photocurrent signals correspond 

to the collection of electrons from acceptor-rich domains.  

2.1.2 GIWAXs 

GIWAXs stands for Grazing Incidence Wide Angle X-ray Scattering. This technique belongs to the 

scattering techniques and gives insights into the molecular orientation (face-on or edge-on), 

crystalline lattice spacing, crystalline correlation length (CCL) and the relative crystallinity.[116] The 

drawback of this technique is that it only probes the crystalline regions of the film. 

In contrast to AFM, GIWAXs probes the bulk morphology. Because of the translation to the 

reciprocal space, large scattering vectors correspond to small distances and vice versa. As a result, 

the small π-π stacking distance in the horizontal plane in a face-on orientation correspond in large 

qz vectors. A schematic illustration of typical GIWAXs images obtained for a purely face-on and 

edge-on orientation is shown in Figure 2.2. Detailed descriptions of the technique and its 

applications can be found in the literature.[116–118] 

 

 

Figure 2.2. Schematic drawings of edge-on and face on oriented crystal planes and the 
resulting GIWAXs patterns. 
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2.1.3 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) provides detailed information about the structural 

characteristics on the nanoscale, which cannot be resolved with optical microscopy. The 

technique relies on the interactions of a high energy electron beam with the sample. These 

accelerated electrons have a very small de Broglie wavelength λB (λB= h/p, with p being the 

momentum), allowing to probe nanoscale features that cannot be resolved with visible light due 

its much larger wavelengths. For example, if the incoming electron beam has an energy of 

100 keV, the corresponding wavelength of the electrons 3.88 pm. In comparison, visible light 

falls in the wavelength region between 380 nm and 780 nm.[119] 

The electron beam passes through a thin sample, such as a thin film (<100 nm) deposited on 

a TEM grid (a nanosized mesh for example made from copper, nickel or gold, available in 

different mesh sizes and shapes). The beam then reaches a fluorescent screen to create an image. 

The image contrast depends on the difference in electron density within the sample, the thickness 

and density of the sample, and on the energy of the electrons.[120,121] Examples of TEM images of 

OPV blends can be found in Chapter 7. 

2.1.4 Resonant Soft X-Ray Scattering 

Resonant Soft X-ray Scattering (RSoXS) is an emerging scattering technique that can probe 

the nano- to meso-scale morphology. The technique combines soft X-ray spectroscopy with X-

ray scattering, providing statistical morphological information from nanometer to micrometer 

length scales and is sensitive to orientation and chemical composition. RSoXs can give insights 

into the phase separation and the average domain purity.[122–124] Example RSOXs data for OPV 

BHJ blends can be found in Chapter 3. 
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2.2 Optical Characterization 

Optical characterization tools give information about how a material, such as a BHJ film, 

interacts with light. The absorption of ultraviolet (UV) or visible light, and sometimes near-

infrared (IR), corresponds to electronic transitions in the materials and to the exciton generation 

rate. Therefore, absorption it is a critical aspect for the OPV performance.[97,125] Absorption in the 

IR typically caused by molecular vibration or by free charge carriers.[126] 

The absorption coefficient α is a measure for the rate of the light intensity I decrease in a material 

along the propagation path x (Beer’s law, Equation 2.1), with I0 being the initial light intensity: 

𝐼 = 𝐼0𝑒−𝑖𝛼𝑥      (2.1) 

⟷    𝛼 =
1

𝐼(𝜆)

𝑑 [𝐼(𝜆)]

𝑑𝑥
      (2.2) 

The optical properties of a material are described by the refractive index n and the extinction 

coefficient k. The refractive index n describes the refraction of light at an interface via the Snell’s 

relationship 𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2 and defines the phase velocity v of an electromagnetic wave in 

a material. 

𝑣 =
𝑐

𝑛
      (2.3) 

The extinction coefficient k corresponds to the amplitude damping of the electromagnetic wave, 

or, in simple words, describes how quickly light vanishes in a material. The extinction coefficient 

k is proportional to α and the wavelength λ.[127] 

𝑘 =  
𝛼𝜆

4𝜋
      (2.4) 
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Together, they are part of the complex refractive index n*.[127] 

𝑛∗ = 𝑛 + 𝑖𝑘     (2.5) 

The complex dielectric function ε* is an alternative description related to n* via  𝜀∗ = 𝑛∗2
.[127] 

𝜀∗ = 𝜀1 + 𝑖𝜀2     (2.6) 

2.2.1 UV-Vis Spectroscopy 

The most common optical characterization method is UV-visible spectroscopy. In this setup, 

a light beam passes though the sample and depending on the mode of operation the absorbance 

A or the transmission T is obtained.[128,129] The sample can be a liquid in a cuvette or a film on a 

transparent substrate, as in the case of BHJ or polymer films. If equipped with an integrating 

sphere, the reflection R of the film can be measured as well. 

 

Figure 2.3. Schematic drawing of incident light with intensity I0, reflected light I0R, 

transmitted light I0T and absorbed light I0(1−R−T). 

The transmission T is defined as the fraction of light that passes though the sample (I) 

normalized by the total incident light (I0). The reflectance R is the faction of light reflected at the 
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sample surface, normalized by the total incident light intensity. A remaining fraction of light is 

absorbed by the sample, called absorptance a (sometimes denoted as A). 

𝑅 + 𝑇 + 𝑎 = 1     (2.7) 

Both the definitions of R and T are straightforward and pose little risk of confusion. However, 

commonly the absorbance A is reported, which must not be confused with the fraction of light 

absorbed. Instead, A is defined as[75]: 

𝐴 =  − log (
𝐼

𝐼0
) = − log(𝑇)   (2.8) 

Note that log denotes the decadic logarithm, not the natural logarithm ln. To give an example, if 

a sample reflects no light and absorbs 10% of the incident light, T is 90% or 0.9. The 

corresponding absorbance is A = −log(0.9) = 0.045. If a sample reflects no light and absorbs 

98% of the incident light, T is 2% or 0.02. The corresponding absorbance is −log(0.02) = 1.7. 

Due to the unintuitive decadic-logarithmic dependance of A, the risk of confusion with the 

absorptance a, or with the absorption coefficient α, the use of the transmittance T should be 

encouraged instead of the absorbance A.  

R and T are related to the optical properties (n and k) of a film via the following 

relationships[125,127]. 

𝑅 =
(𝑛−1)2+𝑘2

(𝑛+1)2+𝑘2      (2.9) 

T =
(1−𝑅)2 [1+(

𝜆𝛼

4 𝜋𝑛 
)]

𝑒𝛼𝑥−𝑅2𝑒−𝛼𝑥      (2.10) 

Based on R and T measurements, the absorption coefficient can be calculated:[125] 
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𝛼 =
1

𝑑
 𝑙𝑛 (

(1−𝑅)2

2𝑇
+ (

(1−𝑅)4

4𝑇2
+ 𝑅2)

0.5

)  (2.11) 

The extinction coefficient can then be obtained from α via the above-described relationship 

𝑘 =  
𝛼𝜆

4𝜋
. Assuming interference effects are absent and if n2 ≫ k2, the refractive index n can be 

approximated based on R as:[127] 

𝑛 =  |
1+𝑅2

1−𝑅2
|      (2.12) 

Typically, organic semiconducting materials possess refractive indices between 2 and 3.[97,130] 

2.2.2 Ellipsometry 

Spectroscopic Ellipsometry is an optical characterization method to obtain the optical 

properties and thicknesses of thin film materials, such as metals, semiconductors and oxides.[131] 

In the measurement, linearly polarized light hits the sample, which interacts with the sample and 

then is reflected and detected. The light undergoes amplitude and phase changes when it interacts 

with the sample, which are recorded.[132] 

 

Figure 2.4. Schematic illustration of an ellipsometry measurement. 
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In case of an isotropic material, two parameters (Ψ and Δ, also called ellipsometric angles) are 

sufficient to describe the change in polarization ρ, if no depolarization takes place:  

𝜌 = tan(Ψ)𝑒𝑖 Δ     (2.13) 

Different dispersion relationships describe the dependence of the optical constants on the 

wavelength for different materials. For example, transparent materials can be described by the 

Cauchy or the Sellmeier relationship. Oscillator theory helps to describe dispersion relationships 

for many other materials. Some of the models are Kramers-Kronigs consistent, meaning the real 

and imaginary part depend on each other.[131,133,134] However, not all materials are well described 

by such models, and it is an inherent challenge to choose the right model when fitting ellipsometry 

data of organic semiconductor. Organic semiconductor blends are often anisotropic, which 

complicates the correct determination of the optical properties further.[97,135]  

The preparation of ellipsometry samples, the measurement, and the fitting must be done with 

utmost care to obtain relevant data for organic semiconductor films. Practical recommendations 

for ellipsometry measurements for OPVs include the consideration of the substrate and the film 

processing. Due to the different polarities and wetting behaviors of different materials, OPV 

blends can orient differently on different substrates. With that, their optical properties can vary. 

This can pose an additional challenges, and a full characterization of the substrate or substrate 

stack is recommended. To obtain relevant data, the substrate should be the same as the back 

electrode in the device. For example, in a conventional device structure, this would be 

glass/ITO/PEDOT:PSS. The stack can then be incorporated into the model as a base layer to 

obtain the optical constant of the BHJ film deposited on this substrate.[97] To increase the accuracy 

of measurements further, it is recommended to incorporate transmission mode measurements 

into the model. Many variable angle spectroscopic ellipsometers (VASE) can take such 
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measurements. Lastly, it is important to dry the BHJ film under vacuum, to obtain films that are 

a close match to the BHJ layers in the working device, which are pumped down to low pressure 

to evaporate back electrodes. The optical properties of common OPV materials, such as 

PEDOT:PSS, ZnO, Ba, Al can be found in sub Chapter 4.2.1.  

2.3 Electrical Characterization 

The electrical characterization of OPVs is typically the first step in the OPV device 

characterization. It includes obtaining current-density-voltage (JV-curves) or current-voltage (IV) 

characteristics and measuring the External Quantum Efficiency (EQE) spectrum. The current 

density J is the current I per area, and often the symbols are used interchangeably. The JV-

characteristics allows to quantify the OPV performance and to compare different devices and 

different blend systems. 

 

Figure 2.5. Equivalent circuit of a solar cell. 

A solar cell can be represented by an electrical equivalent circuit, shown in Figure 2.5, that 

consists of a photocurrent source and a diode in parallel. A high series resistance Rs (in series) 

and a large leakage current due to a low shunt resistance Rsh (in parallel) can limit the OPV 

performance. In the presence of both resistors the IV-characteristics can be described as: 

𝐼 = 𝐼0 exp [
𝑞/(𝑉+𝐼𝑅𝑠)

𝑛 𝑘𝐵𝑇 
−

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
]   (2.14) 
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The values of the two resistances can be found via the differential resistance dV/dJ.[136] Examples 

can be found in Chapter 3:. The description with the equivalent circuit will help to understand 

the current-voltage characteristics of a solar cell. 

2.3.1 JV-Characteristics and OPV Performance Metrics 

JV-curves are measured by connecting to the anode and cathode of the device to apply voltage. 

The voltage is typically swept from a small reverse bias (e.g., −0.5 V) to the maximum voltage (e.g. 

1.5 V) and then back to the maximum reverse bias (e.g., −2 V). The current I is measured and 

divided by the active device area to obtain the current density J. The active area can be defined 

by a mask of a known size. The reverse (backward) scan is then used for the analysis.  

 

Figure 2.6. Schematic OPV JV-characteristics in the dark (black) and under illumination 
(red) and the performance parameters. 
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Under dark conditions, the dark JV-curve is measured, which follows the diode behavior 

described by the Shockley equation, with the reverse saturation current J0, the ideality factor nid, 

the elementary charge q, the absolute temperature T, and the Boltzmann constant kB : 

𝐽(𝑉) = 𝐽0 (𝑒
𝑞𝑉

𝑛id𝑘B𝑇 − 1)    (2.15) 

Under reverse bias, only a small current close to zero is detected, which arises from thermalization 

and leakage (which is more pronounced at larger reverse bias). At forward bias, the exponential 

dependence of the current on the voltage can be observed. Under illumination, the photocurrent 

(negative) Jph is added to the dark current, shifting the JV-curve down. From the JV-curve the 

performance defining parameters can be obtained.  

The short-circuit current Jsc is the current at 0 V. It is largely governed by the photogeneration 

of charge carriers but also by geminate recombination, non-geminate recombination and 

extraction.[97] An in-depth discussion of the factor governing the Jsc can be found in Chapter 4:. 

The open circuit voltage Voc is the voltage at which the current is zero. This implies that charge 

generation and charge recombination are balanced.[100] Under Voc conditions, specifically 

bimolecular recombination plays a role due to the n2 dependence on the charge carrier 

concentration.[137]  

The Voc can also be defined by the splitting of the quasi-Fermi levels of electrons Ef,n and 

holes Ef,p as (Ef,n- Ef,p)/q. The maximum Voc is limited by the effective band gap as Eg,eff/q, but 

commonly the splitting is smaller because of interfacial losses, disorder and recombination.[138,139] 

To understand this definition, a short excursion to semiconductor physics is needed. The Fermi 

energy is the energy level to which all states are filled with electrons at 0 K, while all states above 

are empty.[56] Under dark conditions (thermal equilibrium), the electron concentration n can be 
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calculated with the effective density of states at the conduction band edge, Nc, and the Fermi 

energy, EF:
[56] 

𝑛 = 𝑁Ce
− 

𝐸c−𝐸F
𝑘B𝑇      (2.16) 

Under illumination, the quasi-Fermi level for electrons Ef,n describes the electron concentration 

n, and the quasi-Fermi level for holes Ef,p describes the hole concentration p, with Nv being the 

effective density of states at the valence band edge.[56] 

𝑛𝑝ℎ𝑜𝑡𝑜 = 𝑁Ce
− 

𝐸c−𝐸Fn
𝑘B𝑇     (2.17) 

𝑝𝑝ℎ𝑜𝑡𝑜 = 𝑁Ve
− 

𝐸Fp−𝐸V

𝑘B𝑇     (2.18) 

The Fill Factor FF is the ratio of the power at the maximum power point (the JV-product is 

maximized at this point) and the product of Jsc and Voc. The PCE is the product of these three 

parameters per incident power. The three parameters govern the device performance via the 

following relationship, with Pin and Pout being the incident power of the light and the output power 

of the cell: 

PCE =
𝑃𝑜𝑢𝑡

𝑃in
=

FF ·𝑉oc·𝐽sc

𝑃in
    (2.19) 

2.3.2 External Quantum Efficiency 

The External Quantum Efficiency (EQE) is a wavelength-dependent quantity that is described 

by the ratio of the electron flux in the outer circuit per incident photon flux.[75,97] 
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𝐸𝑄𝐸(𝜆) =
𝐽𝑠𝑐 (𝜆)/𝑞 

𝐼(𝜆)/ ℎ𝜈
     (2.20) 

The features in the EQE are governed by the wavelength-dependent absorption of the donor 

and acceptor of the blend, as well as by the absorbance of light in all other device layers and the 

reflection at all interfaces, leading to a complex interference pattern and wavelength-dependent 

electrical field distribution in the device stack. This complex interference pattern can be simulated 

with optical transfer matrix simulations, based on the thickness of each layer and based on the 

optical properties of each layer.[97] This approach is outlined in detail in Chapter 4:. 

 

 

Figure 2.7. Example of an External Quantum Efficiency (EQE) spectrum. 

The EQE is experimentally measured by shining monochromatic light onto the device, 

chopped at a certain frequency, and recording the photovoltage signal with a lock-in amplifier, 

while sweeping the wavelength. For OPVs it is commonly recorded without an external sample 

bias. The EQE(λ) and Jsc are related via the following equation, with S(λ) being the spectral 

distribution, if the EQE is measured at 0 V: 
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𝐽𝑠𝑐 = 𝑞 ∫ EQE (λ) ⋅ 𝑆(λ)𝑑𝜆
𝜆′′

𝜆′
   (2.21) 

It follows that the integration of the EQE spectrum can be used to check the measured Jsc value 

for correctness. It is worth notingthat the actual solar simulator spectrum must be used to cross-

check the two measurements, rather than the ideal AM1.5 spectrum. 

The EQE can be used to derive the Urbach energy EU, which is a measure of the energetic 

disorder.[140–142] Disorder in organic semiconductors causes absorption of light with wavelength 

below the band gap Eg, due to transitions from or to localized tail states. The absorption follows 

the expression α = α0 exp(hν/EU), thus the plot of the natural logarithm of the EQE as a function 

of incident photon energy can yield the EU, as shown below. 

 

Figure 2.8. Example Urbach energy plot for an organic semiconductor blend. 
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2.4 Determining the Energy Levels and the Band Gap 

The HOMO and LUMO levels as well as the Fermi energy and band gap have been introduced 

in the previous chapter. Different techniques are available to experimentally probe the HOMO 

and LUMO energy levels and to obtain the band gap as an important material parameter. 

 

 

Figure 2.9. Energy levels in an organic semiconductor, including HOMO and LUMO, as 
well as the Fermi energy EF, the vacuum level Evac, the ionization energy (IE), electron 
affinity (EA) and the work function Φ. 

2.4.1 Determining the Optical Band Gap via the Tauc Plot 

The optical data obtained from UV-Vis or ellipsometry measurements can be used to derive 

the optical band gap via the so-called Taucplot. The absorption coefficient relates to the band gap 

via the relation (𝛼 ⋅ ℎ𝜈)1/𝛾 = 𝐶 ⋅ (ℎ𝜈 − 𝐸𝑔), where C is a constant. The exponent 1/γ is equal 

to 1/2 or 2 for direct and indirect band gap semiconductors, respectively. The absorption 

coefficient α can be calculated from the extinction coefficient k as described earlier. However, if 

optical data are not available, the EQE spectrum can be used instead as will be shown in Chapter 
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3. The band gap value is obtained from the x-intercept of a linear regression in the low energy 

region. An example Tauc plot for an organic semiconductor blend (PCE10:IOTIC-4F) is shown 

in Figure 2.10. 

 

Figure 2.10. Tauc plot and linear regression in the low energy region for the determination 
of the optical band gap. 

2.4.2 Ultraviolet Photoelectron Spectroscopy 

Ultraviolet Photoelectron Spectroscopy (UPS) uses ionizing UV radiation to probe the 

HOMO level (top of the valence band) or the ionization energy and the work function Φ. The 

photons used for UPS have energies of approximately 10-40 eV, which allows the photoexcitation 

of valence band electrons, with an approximate information depth of 2-3 nm.[143] Once the energy 

of the photons is sufficient to overcome the work function, electrons will be emitted. The energy 

of the incoming photon hυ minus the binding energy EB is the kinetic energy EK of the emitted 

electrons since the total energy is conserved: 

𝐸𝐾  = ℎ𝜈 − 𝐸𝐵     (2.22)  
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The Fermi level can be calculated from high kinetic energy electrons, being the highest energy 

level from which electrons can be emitted. In the recorded spectrum, this corresponds to the high 

kinetic energy cutoff of the signal. The ionization energy (IE) can be calculated from this equation 

using the binding energy cutoff at low kinetic energies for EK. Here, the emitted electrons are 

slow and have just enough energy to reach the vacuum level.[144] In UPS, the photons do not have 

sufficient energy to excite any core levels. In contrast, X-ray photo electron spectroscopy (XPS) 

uses higher energy photons (>1000 eV) to probe the elemental composition of a sample 

surface.[145] 

2.4.3 Inverse Photoemission Spectroscopy 

Inverse photoemission spectroscopy (IPES) can probe unoccupied states (LUMO or 

conduction band minimum) or the electron affinity. In this technique, electrons occupy empty 

states in the sample material and a photon is emitted with an energy that corresponds to the 

difference of the initial kinetic energy and the energy of the electron in the empty level. In the 

case of an electron occupying the LUMO level the emitted photon energy corresponds to ℎ𝜈 =

𝐸𝐾 − 𝐸𝐿𝑈𝑀𝑂. IPES and UPS are complementary techniques. Having determined the HOMO 

level from UPS and the LUMO from IPES, the difference between these levels gives the band 

gap. 

2.4.4 Cyclic Voltammetry 

Cyclic voltammetry is an electrochemical method that records the current response I of an 

electrochemical cell in dependence on an applied potential and the resulting cyclic voltammogram 

reveals the oxidation and reduction processes of the material under investigation.[146,147] In the 

three-electrode setup, a current flows between working electrode and counter electrode, which 
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are employed together with a reference electrode with defined equilibrium potential, such as a 

saturated calomel electrode (SCE) or Ag/AgCl electrode.[146,148]  

 

Figure 2.11. a) Current-Potential dependence in a CV measurement. b) Applied potential 
versus time and c) the energy level alignment at the reduction potential, at 0 V, and at the 
oxidation potential. 

The analyte can be either dissolved in a conductive electrolyte solution or absorbed onto the 

working electrode; for example in the case of polymers or inorganic nanocrystals, a thin film can 

be cast onto the electrode.[146,149,150] The varying potential that is applied to the working electrode 

results in a voltage drop over a thin layer of analyte near the electrode, inducing a change in the 

relative positions of the energy levels of the electrode and analyte molecule.[75,147] When applying 

an increasingly negative potential, the electrode’s Fermi level is raised and once the position 

matches energetically with the position of the LUMO, electrons are transferred from the electrode 

to the analyte and the onset of the reduction peak is observed.[75,146,147] To probe the oxidation, 
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the potential is thus swept towards higher values and the onset of the oxidation occurs once the 

Fermi level of the electrode is lowered sufficiently to match the HOMO level of the 

analyte.[75,146,147] Only if the analyte can be reversibly oxidized and reduced, both the ionization 

energy and the Electron affinity can be determined.[146,149] To relate the measured redox behavior 

to the IE (HOMO) and EA (LUMO), an empirical relationship is commonly used, originally 

proposed by Brédas et al.[149–152] Here, potentials Eox and Ered refer to the onset of the oxidation 

and reduction peak and EA and IE can be calculated as 𝐸𝐴 = 𝐸𝐿𝑈𝑀𝑂 = (𝐸𝑟𝑒𝑑 +

4.4 )𝑒𝑉and 𝐼𝐸 = 𝐸𝐻𝑂𝑀𝑂 = (𝐸𝑜𝑥 + 4.4 )𝑒𝑉. 

The electrochemical band gap determined by CV has values smaller than those obtained from 

optical measurements due to the exciton-binding energy - typically a difference of up to 0.2 eV is 

reported.[150,153,154] While commonly employed due to ease and accessibility, CV  measurements 

and data interpretation may not always be straightforward and a wide range of considerations may 

be necessary due the complexity of the redox processes, including the scan rate of the experiment, 

the reversibility of the redox system, the diffusion and undesired convection processes in the 

solution, the choice of electrolyte and electrodes, as well as multi-electron transfers, to name only 

a few.[146,147,155] 

2.5 Probing Recombination Losses 

Chapter 1.4.2 outlined the different recombination mechanisms that play a role in OPVs. Due 

to the different mechanisms and time scales, geminate recombination and the different non-

geminate recombination mechanisms can be deconvoluted. 
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2.5.1 Geminate Recombination 

Geminate recombination of charge carriers that originate from the same photoexcitation can 

be measured with time-delayed collection field (TDCF) measurements.[156] In TDCF, a pre-bias 

is applied, followed by a short (≈10 ns) photoexcitation laser pulse (low pulse fluence). Under 

these conditions non-geminate recombination is negligible. A larger collection bias is then applied 

after a fixed delay time to collect the photogenerated charge carriers. Variation of the pre-bias 

can give insights into the voltage-dependence of the geminate recombination losses.[95,157,158] State-

of-the-art OPV systems, such as PM6:Y6, have been shown to have a negligible dependence of 

photogenerated charge carriers on voltage, and no voltage dependence has been found for the 

CT-state dissociation.[98]  

An alternative approach to quantify geminate recombination that does not require any 

specialized equipment is outlined in Chapter 4. It relies on the simple measurement of the 

saturated photocurrent at reverse bias, coupled with optical simulations.[97]  

2.5.2 Qualitative Insights into Non-geminate Charge Recombination 

A simple measurement to get qualitative insights into the dominant recombination 

mechanism is probing the dependence of the Voc on the natural logarithm of the light 

intensity.[99,100,159] This measurement can be carried out by measuring JV-curves while modulating 

the light intensity with a set of neutral density filters. If bimolecular recombination is dominant, 

a slope of 1 kBT is expected. In the case of dominant trap-assisted recombination via bulk traps, 

the slope is increased to > 1 kBT. In contrast, in the case of dominant trap-assisted recombination 

via surface traps, the slope is reduced to values < 1 kBT. 
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Figure 2.12. Illustration of three example systems with different Voc values and different 
slopes. 

2.5.3 Quantitative Insights into Non-geminate Charge Recombination 

The different recombination current contributions for bimolecular (Jbm), bulk trap-assisted 

(Jbulk) and surface trap-assisted (Jsf) recombination that were introduced in sub-chapter 1.4 can be 

mathematically described as: 

𝐽𝑟𝑒𝑐,𝑏𝑚 = 𝑞 𝑑 𝑘bm 𝑛2     (2.23) 

𝐽𝑟𝑒𝑐,𝑏𝑢𝑙𝑘 = 𝑞 𝑑 𝑘bulk 𝑛     (2.24) 

𝐽𝑟𝑒𝑐,𝑠𝑓 = 𝑞 𝑑 𝑘sf(𝑉𝑐𝑜𝑟) 𝑛     (2.25) 

Here, kbm, kbulk, and ksf are the recombination coefficients, d is the thickness of the active layer, 

n is the free charge carrier density, and the voltage corrected for the series resistance 𝑉corr =

𝑉-𝐽𝑅s. It is worth noting the n2-dependence in the case of bimolecular recombination and the 
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voltage-dependence in the case of surface recombination. The sum of the individual contributions 

is the total recombination current Jrec,total:
[137] 

𝐽𝑟𝑒𝑐,𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑟𝑒𝑐,𝑏𝑚 + 𝐽𝑟𝑒𝑐,𝑏𝑢𝑙𝑘 + 𝐽𝑟𝑒𝑐,𝑠𝑓   (2.26) 

The following sub chapter explains how to quantify these recombination contributions with 

impedance spectroscopy. 

2.5.3.1 Impedance Spectroscopy 

To gain quantitative insights into the recombination dynamics, impedance spectroscopy, also 

called capacitance spectroscopy, can be carried out. A small perturbing AC-bias is applied to the 

sample across a frequency range. The frequency f can also be expressed as angular frequency 𝜔 =

2𝜋𝑓. Impedance spectroscopy probes the relaxation processes that follow this perturbation, such 

as lattice distortions, electrode polarization, dipole rearrangement, and electrical and ionic 

conduction, by measuring the alternating current response I(t) that follows the perturbation signal 

V(t) with a time delay (the signal has a phase shift ϕ).[160] The impedance Z is the complex, 

frequency-dependent resistance of the sample. 

𝑉(𝑡) = 𝑉0 sin(𝜔𝑡) = 𝑉0𝑒𝑖𝜔𝑡     (2.27) 

𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 + 𝜙) = 𝑉0𝑒𝑖(𝜔𝑡+𝜙)    (2.28) 

𝑍 =
𝑉(𝑡)

𝐼(𝑡)
=

𝑉0

𝐼0
𝑒−𝑖𝜙      (2.29) 

The impedance Z is a complex number that can be expressed as: 

𝑍 = 𝑍′ − 𝑖 𝑍′′      (2.30) 
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Z′ is the real component of Z corresponding to ϕ = 0 and Z″ is the imaginary component of Z, 

corresponding to ϕ = 90°. Z’ is equivalent to the resistance described by Ohm’s law and Z’’ is 

the reactance, describing the sample’s opposition to the change of voltage. 

2.5.3.2 Impedance Spectroscopy for OPVs 

To probe the recombination dynamics in OPVs, measurements in the range of 10-106 Hz are 

carried out. The impedance is measured in the dark and under illumination with varying frequency 

and bias. The bias ranges from Vsat (typically −2  or −3 V) to the Voc of the device. Before carrying 

out the impedance measurements, the JV-characteristics in the dark and under illumination must 

be obtained to determine the experimental recombination current Jrec. There are two possible 

ways to define the recombination current. 

𝐽𝑝ℎ = 𝐽𝑙𝑖𝑔ℎ𝑡 − 𝐽𝑑𝑎𝑟𝑘     (2.31) 

𝐽𝑟𝑒𝑐 = 𝐽𝑝ℎ − 𝐽𝑙𝑖𝑔ℎ𝑡,𝑠𝑎𝑡     (2.32) 

or:        𝐽𝑟𝑒𝑐 = 𝐽𝑙𝑖𝑔ℎ𝑡 − 𝐽𝑙𝑖𝑔ℎ𝑡,𝑠𝑎𝑡     (2.33) 

Here, Jph is the photocurrent and Jlight,sat the current measured under illumination at the saturated 

reverse bias. Further, the series resistance needs to be determined from the differential resistance 

in the dark and under illumination as well as the device area A (the measurements are carried out 

without aperture). The thickness of the active must be known as well as the built-in voltage Vbi, 

for example obtained from the JV-curve as V0. 

First, the recorded Z’ and Z’’ values from the dark measurement can be used to calculate the 

corrected capacitance Ccorr of the BHJ layer. It consists of a frequency-dependent component, the 
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chemical capacitance Cchem, and a frequency-independent capacitance Cg. Cchem originates from 

free charge carriers and Cg from the Maxwell displacement current. The latter can either be a 

voltage-independent geometrical capacitance or a voltage-dependent capacitance of a space 

charge region if the width of the space charge region is not occupying the whole active layer.[136] 

Ccorr can be calculated with corrections for the inductance L from the wires of the setup and for 

the series resistance as follows:[136,161] 

𝐶corr(𝜔, 𝑉corr) =  −
1

𝜔

𝑍′′−𝜔𝐿

(𝑍′−𝑅s)2+(𝑍′′−𝜔𝐿)2  (2.34) 

The corrected capacitance at reverse bias in the dark is constant across the frequency range 

and its average across the frequencies is Cg,. It serves to calculate the dielectric constant, with ε0 

being the vacuum permittivity, d the thickness of the BHJ layer and A the device area.[64,136] 

𝜀𝐵𝐻𝐽 =
𝐶𝑔𝑑

𝜀0𝐴 
      (2.35) 

When electrode layers introduce additional capacitive effects, the capacitance of the BHJ can be 

overestimated, leading to too-low values for the dielectric constant of the active layer. If only 

highly conductive metal electrodes and thick active layers are present, the above equation is a 

good approximation to obtain ε. However, for example in the inverted device structure, the 

capacitance of ZnO should be taken into account. The dielectric constant of sol-gel-deposited 

ZnO has been determined to be 4.7, as shown in Chapter 3:.[112] Considering the ZnO layer 

changes 𝜀𝐵𝐻𝐽 typically by about ≈ 30%, therefore, it is important to consider the device 

architecture in the impedance analysis.[64,112] 

𝜀𝐵𝐻𝐽 =
𝐶g⋅𝐶ZnO

𝐶ZnO−𝐶g

⋅𝑑BHJ

𝜀0⋅𝐴 
    (2.36) 
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Under illumination, the capacitance at saturated reverse bias, Csat,light, is obtained as the average 

value across the frequencies in which the values are constant. The difference of Csat,light and Cg is 

the saturated capacitance Csat. The saturated charge carrier density nsat follows from it. 

𝐶sat = 𝐶sat,light − 𝐶g    (2.37) 

𝑛sat =
𝐶sat

𝑞𝐴𝑑
(𝑉0 − 𝑉sat)    (2.38) 

 

Figure 2.13. Example of a capacitance spectrum of an OPV device obtained under 
illumination and with the low frequency indicated by the solid blue line. 

A low frequency maximum of the capacitance spectrum under illumination is typically observed 

around 103  to 104 Hz. The chemical capacitance Cchem(Vcorr) is the difference between the low 

frequency capacitance CLF,light(V) and Cg,. 

𝐶chem(𝑉corr) = 𝐶LF,light (𝑉corr) − 𝐶g  (2.39) 

Then the charge carrier concentration n(Vcorr) can be calculated via the following 

integration:[136,137]  
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𝑛(𝑉corr) = 𝑛sat +
1

𝑞 𝐴 𝑑
∫ 𝐶chem(𝑉corr) 𝑑𝑉corr

𝑉corr

𝑉sat
  (2.40) 

The integration can follow a numerical trapezoidal rule. Note that alternative approaches exist in 

which low- and high-frequency capacitance are used for the analysis (dashed line in Figure 

2.13).[136] In some cases, an extrapolation of n at values close to Voc is recommended, when 

impedance data at high voltages shows a decrease in CLF,light. Following the calculation of n, the 

effective mobility can be obtained:  

𝜇eff =
𝐽(𝑉corr)𝑑

2𝑞𝑛(𝑉corr)[𝑉corr−𝑉𝑂𝐶]
     (2.41) 

The effective mobility lets us define the recombination coefficients for bimolecular (kbm), bulk 

trap-assisted (kbulk), and surface trap-assisted (ksf), recombination. 

𝑘bm =
2 𝑞 𝜇eff 𝜉

𝜀𝜀0 
      (2.42) 

𝑘bulk =
𝑞 𝜇eff𝑁bulk

𝜀𝜀0 
      (2.43) 

𝑘sf =
𝑞 𝜇eff 𝑁sf

𝜀𝜀0
𝑒

−𝑞
𝑉bi−𝑉oc

𝑘B𝑇      (2.44) 

In the equations for the recombination currents, the only unknown parameters are the Langevin 

prefactor for bimolecular recombination , and the bulk and surface trap densities Nbulk and Nsf. 

Fitting the sum of the recombination current (Equation 2.26) to the experimental recombination 

current yields the three variables as fitting parameters. Example fits are shown in Figure 2.14. 
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Figure 2.14. Example recombination current fits with different magnitudes of the total 
recombination current and different relative contributions of the different recombination 
mechanisms.  

To improve the fitting accuracy, it is recommended to carry out a preliminary fit to determine 

the number of bulk traps by fitting from moderate negative to positive bias with two fitting 

parameters only, excluding Nsf. 

 

Figure 2.15. Examples of preliminary fits for two solar cells with different ratios of bulk 
trap-assisted recombination and bimolecular recombination.  

In this region, surface traps play a minor role, and the overall fit accuracy can be improved. In 

the next fitting step, Nt,bulk can be fixed and the remaining two parameters  and Nsf determined 

by fitting across the whole bias range. The previously optimized value for  can serve as the initial 

value in the second fit. Recommended bounds for the fit parameters are 0 - 1 for  and 0 - 1018 

for Nbulk and Nsf. 
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2.6 Optical Transfer Matrix Simulations 

The Optical Transfer Matrix Method (TMM) has been described by Pettersson et. al in 

1999 and applied to OPV devices by McGhee and Burkhard.[130,162] Documentation and a freely 

available python version of the TMM code is available online.[163,164] The TMM software requires 

the optical constants n and k as input parameters as well as the device architecture, including the 

thickness of all layers. It then computes the electrical field distribution within the device stack 

and the theoretical photocurrent Jph,theo that would be obtained for the device if no losses occurred. 

An expanded software package that allows to visualize the three dimensional exciton generation 

rates G(x, λ) and the calculation of the EQE spectra is discussed in Chapter 4:.[97] An example is 

shown in Figure 2.16 below. 

 

Figure 2.16. Example exciton generation rate G(x, λ) as a function of depth in the device 
x and photon wavelength λ.  

Numerical simulations to gain insights into the device physics, coupling experiments, and 

simulations are outlined in Chapter 4. The determination of the geminate recombination prefactor 

as well as non-geminate losses will be discussed using only standard measurements and optical 

simulations.[97]  
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Chapter 3: Effect of   Palladium-tetrakis(triphenyl-

phosphine) Catalyst Traces on Charge 

Recombination and Extraction in Non-Fullerene-

based Organic Solar Cells 

3.1 Introduction 

Organic Photovoltaics (OPVs) promise flexible, lightweight, and solution-processable 

solar cells for low-cost energy harvesting. The development of donor-acceptor copolymers and 

non-fullerene acceptors (NFAs) has facilitated the realization of OPVs with higher efficiencies, 

now reaching record photoelectrical conversion efficiencies (PCEs) of up to 18.2% (single 

junction).[165–169] However, a further improvement of the material science and device engineering 

of organic solar cells is required to employ them in portable, lightweight, and semitransparent 

energy-harvesting solutions.[170–172] 

The standard device architecture of organic solar cells is based on the bulk heterojunction 

(BHJ) active layer, sandwiched between an electron- and a hole-selective electrode with different 

work functions. The BHJ active layer consists of a nanoscale percolating network of a polymer 

donor and fullerene or non-fullerene acceptor material blend, which is commonly considered as 

an effective medium with uniform photoelectrical properties.[173–175] The material of the active 

layer should be an intrinsic semiconductor, free from unintentional doping or impurities, to reach 

high PCEs.[176,177] However, it is a challenge to meet the requirements for a reproducible high 

purity of organic semiconductors, especially in the case of conjugated polymers. 

In the synthesis of both polymer donor materials and state-of-the-art NFAs, Pd-based 

catalytic cross-coupling reactions are most widely employed, offering mild reaction conditions 

and allowing a wide range of molecular functionalization.[72,167,169,178–183] 
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Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) is one of the most frequently used cross-

coupling catalysts, employed in Stille coupling[184], Suzuki coupling[185], Negishi coupling[186] and 

Songashira coupling reactions.[187] Purification protocols aim to remove impurities, including the 

catalyst residuals, but the purification of high molecular weight compounds can be difficult since 

efficient techniques such as distillation, crystallization, or column chromatography cannot be 

employed.[188,189] In addition, Pd(PPh3)4 and similar organometallic palladium complexes can 

decompose to Pd nanoparticles, which exhibit a strong affinity to conjugated polymers and 

heteroatoms.[188–191] As a consequence, Pd(PPh3)4 related trace impurities can remain in the 

synthesized products; to quantify their amount and impact on the device performance is 

challenging.  

The role of trace impurities, such as intentionally added chemical impurities,[192–195] 

monomeric units,[196] or side products,[197] has been investigated in several reports and was 

identified as a major parameter of influence on the photoelectrical processes in BHJ solar cells.[193–

195,195,198,199] The deterioration of the device performance in the presence of impurities has been 

mainly attributed to increased trap-assisted recombination,[191,193,195,198–200] but also to reduced 

charge carrier generation and extraction[194] as well as exciton‐charge annihilation.[192] 

In the case of trap-assisted recombination, the impurity creates a distribution of localized 

energy levels in the band gap at which one charge carrier gets trapped and then recombines with 

the respective free charge carrier of the opposite sign.[198,201–204] According to the Shockley-Read-

Hall statistics, trap-assisted recombination losses are most detrimental for the device performance 

in the case of deep traps that are located near the mid-gap energy of the semiconductor, 

facilitating efficient recombination through the trap-states.[203,204] 

Among the impurities that are well studied is PC80BM, which has been associated with an 

increase in trap-assisted recombination in PCDTBT:PC60BM solar cells, leading to a reduction in 
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the Jsc, Voc, and FF. The observed deterioration of the performance is attributed to the formation 

of localized deep electron traps that lead to impeded carrier transport caused by reduced electron 

mobility.[192,193,205] Similarly, the addition of 7,7,8,8-tetracyanoquinodimethane (TCNQ) leads to 

trap-assisted recombination and reduced electron mobility but also has been attributed to the 

stabilization of holes and increased exciton charge annihilation.[192] Another well-studied impurity 

is oxygen, which is known to cause device degradation.[206–211] It has been shown that oxygen can 

cause the formation of deep traps and a reduction of the mobility in P3HT:PCBM blends and it 

can lead to p-doping of the active layer.[207,208]  

The effects of residual Pd(PPh3)4 catalyst traces, which can potentially lead to dramatic 

performance deterioration due to trap-assisted recombination, has gathered only a little attention 

despite being one of the most common impurities in OPV materials. Few studies have addressed 

the effect of Pd nanoparticles or intentionally added Pd(PPh3)4 on BHJ solar cell performance, 

limited to the scope of fullerene-based BHJ.[191,199,212,213]  

A drop in PCE from 4.55% to 2.42% was reported for a PCDTBT:PC70BM solar cell as 

the polymer Pd concentration was increased to 2570 ppm in the polymer, leading to reduced 

shunt resistance, Rshunt, while no changes in electron or hole mobility were observed.[212] Residual 

Pd catalyst has been shown to reduce the hole mobility in a fluorene-thiophene-

benzothiadiazole copolymer-based BHJ solar cell, PFB-co-FT:PCBM, lowering the PCE from 

0.23% to 0.1% when using PFB-co-FT with 3600 ppm Pd.[199] A study on P3HT:PCBM solar 

cells reported reduced performance from 3.19% to 1.95% upon addition of Pd(PPh3)4 in 

concentrations as low as 0.2 wt% of Pd(PPh3)4 relative to P3HT.[213] The same study suggests an 

increase of charge carrier lifetime for higher catalyst concentrations of up to 5 wt%, leading to 

stable performances at higher concentrations (1.74 - 1.84%).[213] Contradicting this observation of 

a saturation regime for higher Pd(PPh3)4 concentrations, the opposite was found 
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for  PTB7:PC71BM solar cells, which showed no significant change in performance for Pd 

concentration of up to 1 wt%.[191] For higher concentrations, a steep drop in performance was 

observed due to the reduction of the open-circuit voltage (Voc), the short-circuit current (Jsc), and 

the fill factor (FF).[191]  

While still lacking a systematic understanding of the processes induced by the residual 

catalyst in fullerene BHJ solar cells, no attention has been paid to the role of residual Pd(PPh3)4 

in emerging high-performance non-fullerene BHJ solar cells, despite their significance for the 

further development of OPVs. It remains an open question how Pd(PPh3)4 impacts NFA-based 

OPVs and it is unclear if a threshold level exists that has to be exceeded to observe a noticeable 

impact on the performance. A very low threshold level would for example indicate that the 

current purification efforts are of utmost importance and the poor performance of certain batches 

of OPV materials may be explained by residual catalyst traces, whereas in the case of a high 

threshold level mainly other origins of a poor device performance should be in focus. 

Partially, this may be because the quantification of remaining catalyst traces in the material 

blend is difficult. Nevertheless, to overcome current performance limitations in non-fullerene 

organic solar cells, the in-depth understanding of the dependence of the photoelectrical 

parameters on the presence of catalyst traces in the active BHJ layer is indispensable. One way to 

understand the impacts of impurities such as residual catalysts on the film morphology, charge 

recombination, and, therefore, the device performance is to intentionally add Pd(PPh3)4 with 

known amounts into the donor:acceptor blend. In this contribution, we carried out a 

comprehensive quantitative analysis of the effect of the controllably and systematically added 

Pd(PPh3)4 impurity, with concentrations up to 7 wt% (~ 55700 ppm), on the charge carrier 

photogeneration, recombination and extraction processes in a model polymer:non-fullerene 

acceptor system poly([2,6′-4,8-di(5-ethylhexylthienyl)-benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-
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2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7-Th): 3,9-bis(2-methylene-((3-(1,1-

dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-

d:2',3'-d']-s-indaceno[1,2-b:5,6-b']dithiophene (IOTIC-4F). PTB7-Th is selected as the donor 

polymer because it is a common polymer used in high performance NFA-based solar cells. To 

demonstrate the applicability to other NFA based systems, we further show the performance 

changes upon catalyst addition to the PM6:Y6 system, which has gathered much attention due to 

its performance of over 15%.[214–216] 

3.2 Results and Discussion 

Figure 3.1a shows the chemical structures of the donor PTB7-Th and the acceptor 

IOTIC-4F as well as the structure of Pd(PPh3)4.  We studied reference devices with an active layer 

based on the donor and acceptor material, as well as devices with PTB7-Th:IOTIC-4F:Pd(PPh3)4 

in a weight ratio of 1:1.5:0.0075, 1:1.5:0.03 and 1:1.5:0.07, in the following, referred to as devices 

with 0%, 0.75%, 3% and 7% catalyst, respectively. The XPS analysis (Figure S3.2) of a film with 

0% added catalyst revealed no detectable amounts of Pt or Pt compounds, suggesting successful 

purification of the starting materials. The devices were fabricated in the inverted device 

architecture with Indium Tin Oxide(ITO)/Zinc Oxide(ZnO) as electron collecting bottom 

contact and molybdenum(VI) oxide(MoOx)/Silver(Ag) as hole collecting top contact, shown in 

Figure  3.1c. More details on the device fabrication and characterization are described in the 

experimental section.  

The HOMO level of Pd(PPh3)4 was found to be located at −7.28 eV by Ultraviolet Photon 

Spectroscopy (UPS) (Figure S3.1), and a band gap of 2.98 eV was obtained from optical 

measurements leading to a LUMO level at −4.30 eV. The energy levels of PTB7-Th and IOTIC-
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4F were taken from literature.[217,218] The resulting energy band diagram of the PTB7-Th, IOTIC-

4F and Pd(PPh3)4 system is displayed in Figure 3.1 b).  

 

Figure 3.1. a) Chemical structures of the BHJ blend system and the Pd-catalyst, b) Energy 
Band Diagram, c) a schematic of the device architecture. 

First of all, we obtained the electrical and photoelectrical properties of the BHJ solar cells to 

assess the impact of Pd(PPh3)4 on the solar cell performance. The current-voltage characteristics 

of the PTB7-Th:IOTIC-4F solar cells with and without Pd(PPh3)4 under 1 sun AM 1.5 

illumination are shown in Figure 3.2, and the extracted photoelectrical parameters are displayed 

in Table 3.1. The addition of Pd(PPh3)4 most noticeably reduces the Jsc and FF and slightly lowers 

the VOC. Upon addition of 7% of Pd(PPh3)4 to the active layer the Jsc drops from 24.6 mA/cm2 

to 16.7 mA/cm2, the VOC decreases from 0.71 V to 0.67 V and the FF is reduced from 60.5% to 

45.5%, resulting in a large decrease of the performance from 10.5% to 5.1%. We notice that the 

addition of only a small amount (0.75% catalyst) does not lead to a decreased device performance. 

The threshold amount that yields significant changes is reached when 3% of Pd(PPh3)4 are added, 

resulting in a PCE of 5.9%.  
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We further applied the same approach to PM6:Y6 based OPVs. PM6:Y6 has gathered much 

attention due to performances of over 15% and has become a well-studied model system for  

solar cells based on Y-series acceptors.[180,182,214–216] Overall, the behavior of this system is very 

similar to the discussed performance changes of the PTB7-Th:IOTIC-4F system. The PCE of 

15.4% (0% added catalyst) decreases to 15.0%, 12.5%, and 10.5% for devices with 0.75%, 3%, 

and 7% Pd(PPh3)4, respectively (see Table S3.4 and Figure S3.24). Again, mainly the Jsc and the 

FF are reduced (from 26.3 to 20.1 mA/cm2 and from 0.71 to 0.64) and only a slight change in the 

Voc observed (from 0.83 V to 0.81 V).  The changes of the Jsc are reflected in the EQE spectra as 

well, as seen in Figure S24b, and no shift in the EQE response can be seen. The addition of small 

amounts (0.75%) of catalyst does not significantly impact the performance of the PM6:Y6 cells.  

The EQE spectra of the PTB7-Th:IOTIC-4F solar cells (Figure 3.2b) show that the EQE 

decreases with the catalyst concentration and a lower EQE is observed for systems with more 

catalyst at the same wavelength. It is important to note that this does not indicate that the self-

absorption edge is blue-shifted with added catalyst. The absorption range is in fact not altered by 

the addition of Pd(PPh3)4, as can be seen from the discussion of the band gap values further 

below and from Figure S3.16.  

Further, they reflect the decrease in Jsc, lowering the maximum EQE from 75.5% to 53.6% upon 

the addition of 7% catalyst to the active layer blend. Next, we will focus on the understanding of 

these performance changes. 
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Table 3.1. Photoelectrical parameters of the PTB7-Th:IOTIC-4F BHJ solar cells with 
different amounts of Pd(PPh3)4 under 100 mW/cm2 AM1.5 illumination. (wt% and mol% 
with respect to the PTB7-Th repeat unit). 

Pd(PPh3)4 

(wt%) 
Pd(PPh3)4 

(mol %) 
Jsc 

(mA/cm2) 
VOC 
(V) 

FF 
(%) 

PCE 
(%) 

0 0 
24.6  

±  0.5 
0.71  

± 0.01 
60.5  
± 1.7 

10.5  
± 0.5 

0.75 0.60 
24.0  
± 0.5 

0.72  
± 0.01 

62.5  
± 1.6 

10.8  
± 0.3 

3 2.37 
19.0  
± 0.9 

0.67  
± 0.01 

46.9  
± 1.0 

5.9  
± 0.3 

7 5.57 
16.7  
± 0.2 

0.67  
± 0.01 

45.5  
±  0.3 

5.1  
± 0.2 
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Figure 3.2. Current-Voltage characteristics of solar cells with different amounts of 
Pd(PPh3)4 added to the active layer under 100 mW/cm2 AM 1.5 illumination 

An optimized morphology is crucial for the performance of organic BHJ photovoltaics, as 

many previous studies have shown that morphological changes impact the device 

performance.[215,219–225] It is well understood that the structure of the percolating network of the 

donor and acceptor material in the BHJ and the degree of crystallinity of the active layer influence 

the device characteristics, as both charge transport and charge extraction can be altered.[215,223,226] 

Further, the degree of mixing and the interfacial orientation influences the generation of free 
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charge carriers and the recombination processes.[220,221,227] The degree of phase separation of the 

material blend can change the generation of free charge carriers in the solar cell as well.[224,228] 

As a first step towards the in-depth understanding of the observed changes in the device 

performance, we studied the surface morphology, the molecular ordering, and orientation as well 

as the mesoscale phase separation. The surface morphology of the active layers with 0% and 7% 

Pd(PPh3)4 was characterized by Atomic Force Microscopy (AFM), shown in Figures S3.3 and S3.4 

and S3.5, respectively. The 5 μm x 5 μm AFM topography scans of the PCE10:IOTIC-4F solar 

cell active layers with 0% and 7% Pd(PPh3)4 show a similar nanoscale morphology with 

comparable surface roughness with a root-mean-square (RMS) of 2.2 nm and 1.4 nm (Figure 

S3.3a and S3.4a. Higher resolution images (2 μm x 2 μm) show indistinguishable features (Figure 

S3.3b and S3.4b), indicating that the presence of Pd(PPh3)4 does not alter the surface morphology. 

In addition, wider area morphology AFM images of the sizes 20 x 20 μm and 50 x 50 μm were 

obtained in tapping mode (Figure S3.5). No larger features were revealed, and the surface 

morphology appears similar in the films with and without added catalyst. The 20 x 20 μm and 

50 x 50 μm blend film images without catalyst showed a roughness of 1.75 nm and 0.97 nm 

respectively, and the ones with 7% Pd(PPh3)4 revealed comparable RMS values of 1.24 and 1.07 

nm. 

Photoconductive AFM probes simultaneously the nanoscale morphology and the 

photocurrent (current under illumination minus dark current). Photoconductive AFM images of 

the active layers obtained at 0 V bias using a gold-coated tip reveal well-mixed donor:acceptor 

phases for the 0% catalyst film (Figure S3.3c and S3.3d). A positive photocurrent is due to the 

extraction of photo-generated holes, and a negative photocurrent is due to the extraction of 

photo-generated electrons by a high work function metal tip from the sample; therefore, the 

bright and dark features correspond to donor and acceptor rich domains, respectively. The 



 

 61 

magnitude of the photocurrent is a measure of how efficiently charge carriers are extracted. Figure 

S3.6 shows the current histograms for the 5 μm x 5 μm nanoscale current images. It can be seen, 

that 95% of the measured points for the 0% sample lie between −18.6 pA and +27.0 pA, whereas 

the sample with added catalyst has a narrower distribution of current values with 95% of them 

being in the range from −6.36 pA to 8.00 pA, which is also reflected by the scales of the 

photocurrent images (Figure S3.4c and d). The reduced magnitude of the photocurrent indicates 

that fewer holes and electrons are extracted, which implies either reduced charge generation or 

increased charge recombination or inefficient extraction of charge carriers from the device with 

added Pd(PPh3)4. This result agrees with the observed changes in the device performance, and 

we will discuss the altered charge generation, recombination, and extraction further in the 

remaining text.  

Next, grazing-incidence wide-angle X-ray scattering (GIWAXS) was performed to gain insight 

into the molecular ordering of the PTB7-Th:IOTIC-4F blends and of the neat components. The 

2D-GIWAXS patterns are provided in Figure S3.7. The 1D linecuts show the scattered intensity 

in the qz plane, perpendicular to the substrate, and the qxy plane, parallel to the substrate (Figure 

S3.8). The use of the Scherrer equation allows for the determination of coherence lengths (Lc).
[229]

 

These values indicate the distance over which each observed molecular ordering feature is 

maintained in the film. Both blend components orient face-on relative to the substrate as 

indicated by the presence of intense scattering at high qz and low qxy. This means that the π-

conjugated backbones in these materials are oriented face-on with respect to the substrate, which 

is beneficial for the charge transport in OPV devices.[230] The orientation is unaltered by the 

addition of Pd(PPh3)4. Lamellar stacking in the donor PTB7-Th appears at 0.27 qxy (d = 2.34 nm; 

Lc = 6.39 nm) with a higher-order reflection at 0.86 qxy (d = 0.73 nm; Lc = 2.77 nm). The donor 

displays π-stacking at 1.63 qxy (d = 0.39 nm; Lc = 1.06 nm). These stacking distances are in good 
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agreement with those previously reported for this material.[231] IOTIC-4F lacks higher-order 

diffraction peaks often observed in small molecule non-fullerene acceptors signaling a relatively 

low degree of ordering.[228] Scattering due to π-stacking is present at 1.86 qz (d = 0.34 nm; 

Lc = 2.93 nm); lamellar stacking appears at 0.31 qxy (d = 2.00 nm; Lc = 14.12 nm). Except for the 

off-axis scattering from IOTIC-4F, the scattering features from both blend components are 

present in the PTB7-Th:IOTIC-4F blend film. 

Comparison of the scattering of the blend film without catalyst with the neat donor and 

acceptor films shows that the stacking distances do not change significantly. However, the Lc for 

lamellar stacking from IOTIC-4F is reduced in the blend, indicating a decrease in the ordering of 

the NFA. Upon addition of the catalyst Pd(PPh3)4, the Lc for lamellar stacking in IOTIC-4F 

slightly decreases further. This does not appear to be correlated with the amount of catalyst 

present. The coherence length Lc for lamellar stacking in PTB7-Th decreases in the blend 

compared to the neat film from Lc = 6.39 nm to Lc = 4.55 nm. Upon addition of 0.75% 

Pd(PPh3)4, the lamellar stacking rises back to Lc =5.97 nm, whereas the addition of larger 

quantities of the catalyst leads to a decrease of the stacking distance (3%: Lc =4.97 nm, 

7%: Lc =2.98 nm), suggesting that small amounts of Pd(PPh3)4 may be beneficial for the ordering. 

These observations are in line with the decrease in performance only beyond catalyst 

concentrations of 3% or more, suggesting that the stacking on the nanoscale is one parameter 

that governs the performance in the studied systems. Other stacking distances and coherence 

lengths are not significantly altered for the blend components upon catalyst addition. 

To investigate the morphology on the mesoscale and to probe phase separation, we performed 

Resonant Soft X-ray Scattering (RSoXS) (Figures S3.9 and S3.10, Table S3.1) on films with 0%, 

0.75%, 3% and 7% catalyst added. For all films, a bimodal size distribution is observed. The most 

noticeable change upon addition of the catalyst is the increase of the long period L1 of the larger 
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domain from 87 nm to 179 nm, comparing the films with 0% and 7% Pd(PPh3)4. An increase in 

the domain size decreases the surface to volume ratio and thus reduces the donor-rich and 

acceptor-rich domain’s interfacial area. A resulting decrease of exciton splitting for free charge 

carrier generation and with that, a reduction of Jsc and PCE is expected and in line with the 

observed drop in the device performance.[232–234] The altered domain size can influence the 

percolating network structure, and therefore, a change in extraction and recombination (reflected 

in lowering Jsc, Voc , FF and PCE) is possible as well. This change of the morphology upon 

addition of the catalyst is pronounced, but not linear, as slightly reduced domain sizes are found 

for the other catalyst concentrations (68 nm and 76 nm), and the scattering intensities (Figure 

S3.9) do not decrease monotonically. Therefore, we conclude that other parameters of influence 

contribute to the changes in performance as well. The size of the smaller domains does not change 

significantly with catalyst addition (L2= 27 nm ± 6 nm in all films). Further, the RSoXs analysis 

allows a comparison of the degree of mixing.[222,225] The overall variance of the composition σ2 

integrated overall lengths scales is measured via the scattering intensity, and the resulting standard 

deviation σ serves as a relative parameter to assess the average domain purity. The difference of 

σ between the films is small, ranging from 0.96 to 1, indicating a comparable degree of mixing. 

Overall, the presence of the catalyst reduces the magnitude of the nanoscale current, it impacts 

the mesoscale morphology and alters the nanoscale stacking distance in IOTIC-4F, whereas the 

surface morphology and other nanoscale stacking distances/coherence lengths remain the same. 

Energetic disorder in organic semiconductors, often given rise to by the morphology, is known 

to be another factor that can impact the device performance. The energetic disorder is directly 

related to the width of the density of states (DOS), and a broader distribution of states leads to 

inferior transport properties that lower the PCE.[141,235,236] To investigate whether the addition of 

the catalyst induces changes in the energetic disorder, the Urbach energy Eu was determined from 
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the low energy tail of the external quantum efficiency (EQE) spectra (see Figure S3.11 and Table 

S3.3). For the devices with 0% to 7% catalyst comparable Eu values of 26.8  meV, 25.5 meV, 

24.5 meV and 27.0 meV with standard deviations below 0.7 meV are obtained, respectively, 

showing that Eu does not correlate with the Pd(PPh3)4 concentration. Therefore, we assume that 

energetic disorder can be excluded as a parameter of influence on the electronic processes in the 

devices and the catalyst does not broaden the DOS distribution.  

To exclude shunt leakage current as another possible reason for the performance losses, we 

determined the shunt resistance Rsh from the differential resistance at 0 V (see Figure S3.17 for 

the differential resistance in dependence on the voltage for representative devices and Table S3.3 

for average values of Rsh). The shunt resistance remains high upon the addition of Pd(PPh3)4, with 

Rsh > 4.3 · 104 ± 1.3 · 104 for all concentrations, demonstrating that unlike observed in other 

studies, the devices show robustness towards the addition of Pd(PPh3)4 for the studied 

concentrations.[212] Furthermore, we observe no change in the optical band gap which was found 

to be 1.31 eV from extrapolation of the low energy tail in the (EQE·hν)2 or (α·hν)2 versus energy 

plot, with α being the absorption coefficient (see Figure S3.16), indicating that the energy levels 

are not altered by the addition of the catalyst.  

As the next step towards the understanding of the observed changes in the photoelectrical 

parameters with an increase of Pd(PPh3)4, and, more specifically, to understand the decrease in Jsc 

we focus our attention on the photogeneration and on losses that occur before the formation of 

free charge carriers. Upon absorption of a photon, an exciton is generated in the active layer that 

diffuses to the donor:acceptor interface to form a charge transfer (CT) state, which then can 

separate into free electron and hole.[158,237–240] Not all of these coulombically bound geminate pairs 

split into free charge carriers, though, because of geminate recombination.[237,158,238–241] Further, 
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since we investigate a system with an added impurity, the formed excitons likely undergo 

quenching even before a geminate pair can be formed.[80,105,242,243] 

To probe the combined effect of these fast losses, we first simulated the charge generation in 

the BHJ active layer. To do so, we prepared four films of the different blends with and without 

added catalyst and calculated the refractive index n and the extinction coefficient k of each film 

from the measurement of reflectance R and transmittance T (see Supporting Information Figure 

S3.11, Equation S3.1 to Equation S3.3). Only minor unsystematic changes in k around 900 nm, 

as well as a slight reduction in the refractive index n for all films with the catalyst, can be seen, 

indicating that the absorption of photons is only marginally changed. The optical properties of 

the active layer, in conjunction with those of all other device layers as well as the device 

architecture, determine the amount of light absorbed and the interference pattern within the 

device and the active layer.[130,241,244] A change in the optical properties will result in a change of 

the generation rate G of charge carriers that are photo-generated in the active layer, and with that, 

the theoretical maximum of the Jsc changes. We illuminated the devices with a solar simulator and 

measured the current voltage-characteristics to obtain the saturated photocurrent Jph,sat at large 

reverse bias. The photocurrent Jph was determined by subtracting the light current Jl from the dark 

current Jd. At -2 V, most charge carriers are extracted due to the high internal electric field in the 

active layer. It is possible to assume 100% extraction at this bias, but for accuracy, we further 

corrected the measured photocurrent at −2 V (Figure S3.13, Table S3.2) by the extraction 

efficiency at this bias, which was determined by applying the Hecht equation (discussed later) to 

calculate the saturated photocurrent Jph,sat (Table S3.2). Next, we simulated the Jsc for the same 

illumination condition with transfer matrix method based simulations.[162] The simulated Jsc is a 

theoretical value that would be obtained if the absorbed photon flux yields electron flux in the 

outer circuit without any losses.[241]  The difference between the experimentally obtained Jph,sat that 
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excludes extraction losses (and with that non-geminate recombination losses), and the simulated 

Jsc is therefore attributed to geminate recombination losses, and, in this system with added 

impurity, also to exciton quenching by Pd(PPh3)4. The ratio of Jph,sat, and the simulated Jsc, here 

called Pe,g, is shown in Figure 3.3a. 

The PTB7-Th:IOTIC-4F solar cell system without catalyst does not suffer from exciton 

quenching or geminate recombination losses, and Pe,g approaches unity. The added catalyst in the 

active layer increases these fast losses (Figure 3.3a, Table S3.2) and Pe,q values of 0.93, 0.78, and 

0.73 are found, which directly correlate with the reduced Jsc and FF. To elucidate further whether 

exciton quenching plays a role in the reduction of Pe,g as suspected upon addition of an impurity, 

we performed steady-state photoluminescence measurements of the neat materials, with and 

without the added catalyst. The fluorescence intensity of a pure PTB7-Th film is reduced to 63% 

(integrated area over the measured range from 685 nm to 1007 nm) upon the addition of 7 wt% 

of Pd(PPh3)4 (Figure S3.14a ), whereas the addition of 7 wt% Pd(PPh3)4 to a film of pure IOTIC-

4F causes a much steeper drop in fluorescence to 3% of its original value (based on the integration 

of the obtained data from 726 nm to 1077 nm, see Figure S3.14b. From these results, we conclude 

that in the BHJ solar cell, the catalyst molecule causes exciton quenching leading to a reduction 

of free charge carriers and a reduction of Jsc and FF. Geminate recombination is known to be 

closely linked to changes in the nanoscale morphology.[96,245,246] Since we did not observe major 

changes in the nanoscale morphology and the nanoscale packing (pc-AFM, GIWAXs), we assume 

that the contribution of exciton quenching is the main factor for the reduction of Pe,q and with 

that for the reduction of the performance. To instill further confidence in this hypothesis, time-

resolved photoluminescence (PL) measurements were performed on the blend, the donor, and 

the acceptor material, as well as on the donor and acceptor materials with added catalyst. In the 

case of the blend, the obtained PL decay shows only the instrument response function. (Figure 
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S3.15a This indicates that the BHJ blend efficiently separates electron-hole pairs at the interfaces, 

quenching the emissive decay pathway to the extent that a PL lifetime could not be resolved. The 

time-correlated single photon counting results (Figure S3.15) for PTB7-Th films show about 30% 

reduction of the PL lifetime from 0.46 ns to 0.32 ns upon addition of 7% Pd(PPh3)4. In the case 

of IOTIC-4F films, the addition of catalyst leads to a PL lifetime reduction of 25% from 0.24 ns 

to 0.18 ns. These results demonstrate that the catalyst acts as a collisional quencher. After the 

exciton is formed upon light absorption, it diffuses until it reaches the catalyst where it undergoes 

non-radiative exciton decay to the ground state. Shorter lived excitons do not diffuse far enough 

to reach a quencher and are able to return to the ground state radiatively. This results in the 

shortening of the photoluminescence lifetime upon the addition of the catalyst quencher to the 

film. We can conclude that the catalyst indeed acts as an exciton quencher in both donor and 

acceptor domains. 

To further investigate the effect of Pd(PPh3)4 on the electronic processes in the solar cells, we 

examined the voltage dependence of the photocurrent Jph as a measure of charge extraction, 

shown in Figure 3.3b. The corrected voltage was determined from the applied voltage V, 

corrected for the effect of the series resistance Rs, as Vcorr=V−JRs. The effective voltage is then 

calculated as Veff = V0−Vcorr. Figure 3.3b shows that the photocurrent decreases with increasing 

catalyst concentration indicating that the free charge carrier generation is not efficient, which is 

in agreement with the previously discussed results. Additionally, the saturation regime is shifted 

to higher effective voltages for higher catalyst concentration and not reached for the system with 

7% added catalyst within the measured voltage range, indicating that higher internal fields are 

required to sweep out charge carriers. This adds to the explanation of reduced photocurrents that 

were seen in the photoconductive AFM scans, as discussed earlier and to the reduction of Jsc. 

Poor extraction can be caused by a decrease in the charge carrier effective mobility μeff or by a 
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reduction of the effective recombination lifetime τeff.
[247–250] We will explore these possibilities in 

detail in the remaining text. The dependence of the photocurrent on the effective voltage can 

further give information about the presence of space-charge. In the case of built-up space-charge, 

a square-root dependence is expected.[197,247,251] In all cases, this dependence is not observed, 

indicating the absence of built-up space-charge, which can result from imbalanced mobilities.  

 

Figure 3.3. a) Geminate recombination and exciton quenching prefactor Pe,g with added 

catalyst, b) photocurrent versus corrected voltage Veff=V0−Vcorr, c) Voc versus light 
intensity and d) the respective slopes of the PTB7-Th:IOTIC-4F solar cells with different 
amounts of Pd(PPh3)4 added to the active layer. 

 

Having discussed the effect of losses before the formation of free charge carriers, we now 

consider non-geminate losses, which can lower Jsc, VOC and FF. Investigating the dependence of 
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the Voc on the light intensity I is a widely used approach to study recombination under Voc 

conditions. This technique serves as a first qualitative assessment of the dominant recombination 

mechanism. Depending on the slope of the Voc on the natural logarithm of the light intensity I, 

information about the dominant recombination mechanism can be inferred, according to the 

relationship Voc ∝ kT/q ⋅ ln(I), with the k being the Boltzmann constant, T the temperature and 

q the elementary charge. In the case of systems with dominant bimolecular recombination, a slope 

of 1.0 kT/q is expected. Surface trap-assisted recombination can lower this value, whereas the 

presence of bulk trap-assisted recombination is known to increase the slope.[99,100,159] The 

dependence of the Voc on ln(I), displayed in Figure 3.3c, reveals a strong dependence on the 

catalyst concentration. The reference system without catalyst exhibits a slope close to 1.0 kT/q, 

the addition of 0.75% catalyst increases the slope slightly to 1.16 kT/q, and adding 3% and 7% 

catalyst increases the slope further to 1.49 and 1.55 kT/q, respectively, indicating an increase of 

bulk traps upon addition of Pd(PPh3)4 (Figure 3.3d).  

To further investigate both charge recombination and extraction quantitatively, we employed 

impedance-voltage spectroscopy followed by the fitting of the experimental recombination 

current to quantify important recombination parameters as well as both effective mobility and 

effective recombination lifetime.[136] By measuring the frequency and voltage-dependent real and 

imaginary parts of the impedance, and after correcting for series resistance and inductance, we 

obtained the corrected capacitance spectra that are shown in Figure S3.19 for the devices with 

different catalyst concentrations under 1 sun illumination and in the dark.  

In a first step, we calculated the dielectric constant of the BHJ active layer with different 

catalyst concentrations from the capacitance spectra measured in the dark. The dielectric constant 

of the BHJ active layer is not only an important material characterization parameter to be studied 

in the framework of investigating the effect of residual catalyst but also required to study the 
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recombination processes. The recombination current is inversely proportional to ε.[252,253] 

Typically, only the voltage-independent capacitance at large reverse bias, referred to as the 

geometric capacitance Cg, is considered to determine the dielectric constant of the BHJ active 

layer, neglecting capacitive effects of the electrodes. In the case of highly conductive metal 

electrodes or very thick active layers, this approximation is justified but as we employed ZnO as 

bottom contact, its capacitive effects should be considered.[64] Figure S3.18 shows the Nyquist 

plot and the capacitance of a 170 nm thick ZnO film, prepared in the same fashion as the 

electrode by a sol-gel method, sandwiched between ITO and a top metal contact. The dielectric 

constant obtained for the ZnO was found to be 4.74 ± 0.14 and its capacitance 

CZnO = εZnO ε0Α/dZnO was taken into account for the analysis of the devices, assuming two 

capacitors in series, according to Equation 3.1.  

𝜀 =  

𝐶𝑔⋅𝐶𝑍𝑛𝑂
𝐶𝑍𝑛𝑂− 𝐶𝑔

𝑑

𝜀0𝐴 
     (3.1) 

We found that the dielectric constant of the BHJ active layer is not affected by the 

incorporation of Pd(PPh3)4, with ε in the narrow range from 3.00 ± 0.28 to 3.16 ± 0.15 (compare 

Table S3.3). 
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Figure 3.4. a) Bulk trap concentration Nt, b) bimolecular recombination coefficient kbm c) 

μeff and d) τeff at MPP, Voc and Jsc for devices with different Pd(PPh3)4 concentrations (0%, 
0.75%, 3%, and 7%) determined by impedance-voltage spectra analysis. 
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The recombination current Jrec= Jph – Jph,sat was fitted according to the recently published model 

by Vollbrecht and Brus et. al.,[137] taking into account the contributions of bimolecular 

recombination, surface trap and bulk trap assisted recombination, resulting in the Langevin 

prefactor ξ for bimolecular recombination, the density of surface traps Nt,surf and the density of 

bulk traps Nt, from which the effective recombination lifetime τeff can be calculated (fits of the 

recombination current are shown in Figure S3.20). Surface recombination plays a minor role in 

all devices that were investigated with Nt,surf < 1.1×1012 cm-3, values that are low for this 

recombination mechanism.[137]  

Nt, is of particular interest in the context of studying the effect of residual catalyst, since 

impurities are expected to facilitate bulk trap assisted recombination, which is possibly 

detrimental for the performance as explained earlier. Figure 3.4a correlates the bulk trap 

concentration with the amount of added Pd(PPh3)4. A steady increase with increasing Pd(PPh3)4 

concentration in the active layer is observed, the difference between the system with 7% and the 

system with 0% catalyst, exceeding one order of magnitude (Table 3.2). We now consider these 

numbers further and relate them with the amount of added Pd(PPh3)4 to determine the ‘trap 

efficiency’ (Et), which is the number of created deep bulk traps that act as efficient recombination 

centers per added molecule of Pd(PPh3)4. To do so, we determined the density of a PTB7-

Th:IOTIC-4F film with X-ray reflectivity (the fit is shown in Figure S3.23). Based on the weight 

fraction of the catalyst in each blend, the determined film density, and the molecular weight of 

Pd(PPh3)4, we calculate the number of added Pd(PPh3)4 molecules per cubic centimeter of the 

BHJ active layer Ncat (Table 3.2). The increase of the concentration of bulk traps of each system 

with added catalyst compared to the reference system with 0% catalyst is also shown in Table 3.2. 

We define the ratio of the introduced traps per introduced Pd(PPh3) molecule as the trap 

efficiency Et, with values of 0.03%, 0.1% and 0.07%, demonstrating that only a small fraction of 



 

 73 

the added Pd(PPh3)4 leads to the formation of deep bulk traps. One explanation is that Pd(PPh3)4 

and its decomposition products may cluster, as it is known for Pd nanoparticles, into larger 

aggregates.[188] Another possible explanation for this result is supported by the proposed energy 

band diagram, which shows that the introduced catalyst traces do not have an energy level that is 

near the mid-gap. Shallow traps are expected to play a minor role in recombination according to 

the Shockley-Read-Hall theory. To summarize, a fraction of added Pd(PPh3)4 creates bulk traps 

and thus, trap assisted recombination is a concern for the PTB7-Th:IOTIC-4F solar cells and 

explains the reduction of free charge carriers and reduction of Voc and reduction of the FF. 

The bimolecular recombination coefficient kbm is derived from the Langevin reduction factor 

ξ. From Figure 3.4b, it is evident that kbm changes with catalyst concentration. The reference 

system has a kbm of 1.76 ·10-11 cm3s-1. The reduction of kbm to 0.76 ·10-11 cm3s-1 for 0.75% added 

catalyst resonates with the performance and the slightly increased Lc observed in GIWAXS. 

Further increase of the Pd(PPh3)4 content increases kbm to 1.33 ·10-11 cm3s-1 and 2.82 ·10-11 cm3s-

1. This correlates with the Lc values for the 3% and 7% blend films found determined with 

GIWAXS. Considering that the range of reported kbm values is approximately between 10-14 to 

10-9 cm3s-1, the observed changes are minor.[170] We conclude that bimolecular recombination 

contributes to a moderate extent to the reduced device performance in these systems and assume 

that the observed changes originate from the morphological alterations that are seen on the 

nanoscale. 

The effective mobility was determined assuming similar mobilities for electrons and holes 

as:[136]  

𝜇eff(𝑉) =
𝐽𝐿

2 𝑞 𝑑 𝑛(𝑉) |𝑉0−𝑉corr(𝑉)| 
    (3.2) 



 

 74 

The addition of 0.75% Pd(PPh3)4 causes a drop of the mobility by about 30% compared to 

the reference system from 1.90 ·10-4 cm2/Vs to 1.36 ·10-4 cm2/Vs (at MPP). The addition of 

larger quantities results in a further decrease of μeff, to roughly half of the original values for 3% 

(μeff = 0.98 ·10-4 cm2/Vs ) and to about one-third of the original value (μeff = 0.0.69 ·10-4 cm2/Vs 

) for 7% added Pd(PPh3)4. The drop in μeff is evident at Jsc, at the maximum power point (MPP) 

and at Voc in a similar magnitude. The reduction of the mobility matches with the earlier described 

indication of poor extraction with added catalyst. The changes in mesoscale morphology in 

cooperation with the nanoscale morphology may explain these results. 

Table 3.2. Density of introduced catalyst molecules Ncat calculated based on the density 
determined by X-ray reflectivity (Figure S3.23), bulk trap concentrations Nt, the difference 
in bulk trap concentration compared to the system without added catalyst Nt,0%-Nt,i% and 
the resulting trap efficiency Et. 

Pd(PPh3)4 

(%) 
Ncat 

(cm-3) 
Nt 

(cm-3) 
Nt,0% - Nt,i% 

(cm-3) 
Et 

0  4.87  1014   

0.75 7.79  1017 2.48  1015 1.99  1014 0.03% 

3 3.09  1018 3.63  1015 3.14  1015 0.1% 

7 7.09  1018 5.71  1015 5.22  1015 0.07% 

 

With all recombination contributions being quantified by the recombination rates kbm, ksf, kb 

for bimolecular, surface, and bulk trap-assisted recombination, the effective recombination 

lifetime τeff can be calculated. (Equation 3.4 ) 

𝜏eff(𝑉) =
1

𝑘bm 𝑛(𝑉)+𝑘sf+𝑘b
     (3.4) 

From Figure 3.4d it is evident that added Pd(PPh3)4 impacts the effective charge carrier lifetime 

significantly for all concentrations, which is most dominant under short circuit conditions but 

also evident at the MPP. This shows that the outlined contributions of bulk traps and bimolecular 
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recombination are significant for the studied systems. At Voc the lifetime is short due to the lack 

of an internal field as a driving force for extraction and charges recombine fast, and as expected, 

no trend can be seen.  

To quantify the result of the reduced mobility and lifetime on the extraction of charge carriers, 

we first determined the built-in field of the devices from the dark JV-curves (Table S3.3). The 

extraction efficiency η depends on the internal field F in the active layer, which can be expressed 

as F=(Vbi-Vcorr)/L, with L being the active layer thickness. The Hecht Equation originally 

describes the extraction efficiency of photo-generated electron-hole pairs, spatially dependent on 

the distance to the anode and cathode.[254] We assume the charge carriers to be on average 

separated by L/2 from the extracting contact. Then the probability of charge being extracted can 

be described as: 

𝜂 =
𝜇𝜏𝐹

𝐿/2
(1 − 𝑒𝑥𝑝 (

−𝐿/2

𝜇𝜏𝐹
))    (3.5) 

The resulting voltage-dependent extraction efficiency is shown in Figure S3.21c. Figure 3.5 

shows η for the PTB7-Th:IOTIC-4F solar cells with different concentrations of Pd(PPh3)4 at Jsc 

and the MPP. With increasing Pd(PPh3)4 concentration, a decrease in η can be observed, which 

is most prominent under small forward bias, adding to the explanation why the addition of 

Pd(PPh3)4 decreases the performance of the solar cells. At the MPP, originally η exceeds 90%, 

whereas when 7% catalyst are added η is only about 60%.  Further, we can determine the 

extraction efficiency of charge carriers at a reverse bias of -2 V, which we used to quantify 

geminate recombination losses more accurately than by assuming 100% extraction at -2 V. 
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Figure 3.5. Extraction efficiency η in dependence on the amounts of catalyst added to the 
active layer. 

3.3 Conclusions 

To conclude, the addition of controlled amounts of 0.75%, 3% and 7% Pd(PPh3)4 leads to a 

decrease of the performance in the NFA-based PTB7-Th:IOTIC-4F BHJ solar cell from 10.5% 

to 5.1%. We have shown that the nanoscale molecular ordering and the mesoscale morphology 

are altered, whereas the effective band gap, and energetic disorder are not significantly impacted 

by the addition of Pd(PPh3)4. The analysis of impedance spectroscopy data of the blend systems 

with different amounts of catalyst revealed a small increase in bimolecular recombination when 

amounts of Pd(PPh3)4 larger than 3% were added (1.76 10-11 cm3s-1 to 2.82 ·10-11 cm3s-1). Effective 

mobility and effective charge carrier lifetime are reduced upon the addition of Pd(PPh3)4, which 

we have shown to result in less efficient extraction (> 90% to < 60% at MPP). A moderate 

increase of bulk traps with increased amounts of Pd(PPh3)4 was observed (4.87 × 1014 cm-3 to 5.71 

× 1015 cm-3), based on the fitting of impedance spectroscopy data, that contributes to the decrease 
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of the performance. However, the catalyst does not act as an efficient recombination center and 

less than 0.1% of the introduced molecules act as a trap. 

The study of fast losses, based on our approach of combining experimental saturated 

photocurrent and optical modeling, revealed that the addition of catalyst has a major impact on 

the generation of free charge carriers (Pg reduced from unity to 0.73 for 7% added catalyst). 

Steady-state photoluminescence measurements confirmed that Pd(PPh3)4 acts as an exciton 

quencher and time-resolved photoluminescence revealed that the catalyst causes a reduction of 

the exciton lifetime in both the donor and acceptor. In contrast to previous reports on fullerene-

based OPVs, the observed drop in performance cannot be solely attributed to trap-assisted 

recombination but is the result of the interplay of altered material properties and different loss 

mechanisms. As a final note, we state that the PTB7-Th:IOTIC-4F system showed substantial 

robustness to the addition of Pd(PPh3)4 in moderate amounts (0.75%), which are expected 

typically not to be exceeded after the material purification process.  

3.4 Experimental Section 

Ultraviolet Photon Spectroscopy (UPS) 

UPS measurements were carried out in a PHI 5600 ultrahigh vacuum system with an 11-inch 

diameter hemispherical electron energy analyzer and a multichannel plate detector. The solution-

processed Pd(PPh3)4 films were prepared through spin casting a 5 mg/mL Pd(PPh3)4 solution 

from chloroform at 2000 rpm for 30 s in an N2 environment glovebox (<0.1 ppm H2O and O2) 

and transferred into the analysis chamber with no air exposure. The UV light source was an 

Excitech H Lyman-α lamp (E-LUX™121) equipped with a 90° ellipsoidal mirror (E-LUXTM 

EEM Optical Module). The UV beam path was in a high-purity dried O2 purge with the pressure 
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of 8-9 Torr.1 UPS measurements were performed with a -5 V sample bias and a 2.95 eV pass 

energy. 

 

Surface Morphology 

Atomic Force Microscopy and photoconductive AFM were performed with an Asylum Research 

MFP-3D setup with conductive gold-coated probes with a resonant frequency of 13 kHz and a 

spring constant of 0.2 N m-1, purchased from ContGB Budged Sensors. All measurements were 

done under nitrogen atmosphere in contact mode at 0 V sample bias and at a scan rate of 0.30 

Hz. For photocurrent measurements, the sample’s current at 0 V was measured in the dark, and 

the obtained value was used as the offset for photocurrent measurement under illumination. 

 

Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) 

GIWAXS measurements were performed at the Advanced Light Source at Lawrence Berkeley 

National Lab on the 7.3.3 beamline. The sample was scanned with an incidence angle of 0.12° 

and a photon energy of 10 keV (λ = 1.24 Å), while under a helium environment to minimize 

beam damage and reduce air scattering. The width of the incident X-ray beam is about 1 mm, 

and silver behenate was used to calibrate the lengths in the reciprocal space. A 2D detector 

(PILATUS 2 M from Dectris) with a sample-to-detector distance of 276.9 mm was used to collect 

the images. The Nika software package for Igor (by Wavemetrics) and the Igor script WAXStools 

were used to process the image[228]. 

 

Resonant Soft X-ray Scattering 

RSoXS measurements were performed with transmission geometry at beamline 11.0.1.2[255] at the 

advanced light source (ALS), Lawrence Berkeley National Laboratory. The samples were 
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prepared in the same manner as the active layers for solar cells but were spin-cast onto a PSS-

coated substrate. A photon energy of 283.8 eV was used. 

 

Fabrication of Organic Solar Cells 

Photovoltaic devices were fabricated in inverted structure with 

glass/ITO/ZnO/PCE10:IOTIC-4F:Pd(PPh3)4/MoOx/Ag architecture. In a first step, the ITO 

on glass substrates, purchased from Naranjo, were cleaned with commercially available dish soap 

and distilled water. Next, they were ultra-sonicated in acetone and isopropyl alcohol subsequently 

for 15 minutes each. The substrates were dried in an oven overnight at 130  ̊C. The ZnO bottom 

contact was fabricated from a mixture of tetrahydrofuran and diethylzinc (15% w/w in toluene) 

in a 2:1 volume ratio, which was spin-coated (30 μl at 4000 rpm for 15 seconds in air) to form 

ZnO films. The substrates were annealed for 20 minutes at 150  ̊C before the active layer was 

prepared under nitrogen atmosphere by spin coating 25 μl PTB7-Th:IOTIC-4F solution (1:1.5 

weight ratio, c = 20 mg/mL) in chlorobenzene with 2% chloronaphtalene at 1300 rpm for one 

minute on top of the ZnO layer. The active layer solution was stirred for more than 3 hours at 

56 ̊C before spin coating. For the devices containing Pd(PPh3)4, a Pd(PPh3)4 stock solution was 

prepared using chlorobenzene with 2% chloronaphthalene as solvent under inert atmosphere. 

The solvent and the stock solution were added in the respective ratios to obtain concentrations 

of 0.75%, 3% and 7% w/w Pd(PPh3)4 per PTB7-Th. The MoO3/Ag top electrodes with an area 

of 0.22 cm2 were fabricated by thermal evaporation at pressures of less than 10-6 Torr using an 

Ångstrom evaporator. 
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Device Characterization 

Current-voltage characteristics were measured with a Keithley 2602 semiconductor analyzer 

system under nitrogen atmosphere in the dark and under illumination. A solar simulator with a 

300 W Xenon lamp with AM 1.5 global filter was used to irradiate the devices with 100 mW/cm2 

AM 1.5G illumination. The light intensity was calibrated with a standard silicon solar cell with 

KG1 filter, which was calibrated by the National Renewable Energy Laboratory. This setup was 

used to quantify geminate recombination by measurement of JV-curves to obtain photocurrents 

and its tabulated spectrum was used as software input for the transfer matrix method software[162] 

to predict the theoretical Jsc. To determine the performance, the solar cell device area was defined 

by an aperture of 0.094 cm2. The Voc in dependence of the light intensity was measured with the 

same setup using a set of Newport 5215 neutral density filters. EQE spectra were measured under 

nitrogen atmosphere as well, and the intensity of the monochromatic light, chopped at 155 Hz, 

was determined with a Newport Si photodiode. A Solartron SI1260 analyzer was used to measure 

frequency-dependent impedance (101–106 Hz) under 1 sun illumination and in the dark with a 

small AC perturbation of 40 mV, starting at a negative sample bias and increasing the bias up to 

Voc. The device thickness was measured with an Ambios XP-100 profilometer. 

 

Optical measurements 

Absorption measurements were performed on a Perkin Elmer Lambda 750 UV–vis/NIR 

spectrophotometer. Thin-film absorption of Pd(PPh3)4 was determined from films spin-coated 

from chlorobenzene on quartz substrates and measured in an optical cryostat. To obtain the 

optical properties of PTB7-Th:IOTIC-4F: Pd(PPh3)4 blends, the reflectance and transmission of 

films on glass were measured with a Filmetrics FT-R1-RTX system. The film thickness was 

measured with an Ambios XP-100 profilometer. All non-polymer-based materials were 
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characterized with a Woollam M-2000DI Variable Angle Spectroscopic Ellipsometer to obtain 

the optical properties of all device layers as input for the transfer matrix simulation. 

 

The steady-state photoluminescence (PL) measurements were performed on a home-built 

fluorometer setup. The PL was excited by a He-Ne laser beam (JDS Uniphase) with 633 nm 

wavelength at 45 degrees angle of incidence. The PL was collected in 90 degrees geometry with 

an optical lens system and focused on the input slit of a spectrometer (Acton SP-500) equipped 

with charge-couple device (CCD) camera (Princeton Instruments PIXIS:400) which can detect 

light in the range 300-1050 nm. The laser beam was cleaned from plasma emission with a 

bandpass filter, and the CCD detector was protected from the excitation light by a long-pass 

interference filter (Thorlabs). The excitation light intensity was controlled with a neutral density 

gradient filter (Thorlabs). The spectrum, collected by the CCD camera, was corrected for the 

instrument response by measuring the spectrum of a black body-like light source (Ocean Optics 

HL-1) and calculating appropriate correction factors. PL spectra at wavelengths longer than ~800 

nm often exhibit fringe-like modulation caused by etaloning in the CCD camera sensor. These 

artifacts were not removed from the data collected. The obtained data were corrected for the film 

thickness by absorption measurements. Films of pristine PTB7-Th and IOTIC-4F, each with and 

without catalyst, were prepared in Chlorobenzene with 2% chloronaphthalene with a 

concentration of 20 mg/ml. Films were spin-coated under inert atmosphere onto UV/Ozone 

treated glass substrates, which were encapsulated for the steady-state photoluminescence 

measurements. 
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3.5 Supplementary Information for Chapter 3 

 

 

Figure S3.1. a) High energy (left) and low energy (right) region of the UPS spectrum of 
Pd(PPh3)4 and linear fits to determine the work function and the HOMO onset. b) 
Absorption coefficient α, determined from absorbance measurements of Pd(PPh3)4 in 
solution (CB2%CN), and linear extrapolation of the absorption onset for the determination 
of the band gap Eg. 

 

Figure S3.2. X-ray photoemission spectroscopy survey scan of the PCE10:IOTIC-4F film 
without added catalyst, showing no Pt signal. 
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Figure S3.3. a) 5μm x 5 μm and b) 2 μm x 2 μm contact mode nanoscale morphology 
images of the blend film with 0% catalyst, c) 5μm x 5 μm and d) 2 μm x 2 μm photocurrent 
images of the active layer at 0 V sample bias. 

 

Figure S3.4. a) 5 μm x 5 μm and b) 2 μm x 2 μm contact mode nanoscale morphology 
images of the blend film with 7% catalyst, c) 5μm x 5 μm and d) 2 μm x 2 μm photocurrent 
images of the active layer at 0 V sample bias. 
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Figure S3.5. Wide area tapping mode AFM scans of the PCE10:IOTIC4F blend film. a) 
20 x 20 μm scan of the blend film without Pd(PPh3)4 added, b) 50 x 50 μm scan of the 
blend film without Pd(PPh3)4 added, c) 20 x 20 μm scan of the blend film with 7% 
Pd(PPh3)4 added and d) 50 x 50 μm scan of the blend film with 7% Pd(PPh3)4  added. 

 

Figure S3.6. Current histograms obtained by pc-AFM for the device without (top) and 
with 7% catalyst (bottom).  
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Figure S3.7. GIWAXs patterns for the pristine donor material PTB7-Th, the acceptor 
IOTIC-4F and the four blend systems without and with Pd(PPh3)4 added. 

 

Figure S3.8. GIWAXs 1D linecuts displaying the scattered intensity in the qz plane 
(perpendicular to the substrate) and the qxy plane (parallel to the substrate). 
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Figure S3.9. RSoXs profiles extracted at an x-ray energy of 284.2 eV and normalized by 
the film thickness. 

 

Figure S3.10. RSoXs fits and peak deconvolution for the data extracted at an x-ray energy 
of 284.2 eV. 
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Table S3.1. Parameters extracted from RSoXs profiles for blend films with different 
content of Pd(PPh3)4 Position q1 of the peak observed at low q, its long period L1 and the 
domains’ relative  volume fraction, position q2 of the peak observed at high q, its long 
period L2 and the its relative volume fraction and the relative overall standard deviation σ 
of the composition variation. 

 

Disorder in organic semiconductors causes absorption below the band gap Eg, due to 

transitions from or to localized tail states below Eg. The absorption follows the expression 

α = α0  exp(hν/EU) and the width of the absorption tail is tail is a measure for the disorder of the 

material, described by the Urbach Energy Eu.
[256–258] The exponential fit of the EQE values below 

the band gap to determine Eu is shown in Figure S3.11. The average values across several device 

with standard deviation can be found in Table S3.3. 

 

Figure S3.11. a) EQE spectra of device with different amount of added catalyst. b) Plot of 
the natural logarithm of the EQE versus energy. The slope of the exponential fit of the 
EQE values below the band gap allows the determination of the Urbach energy. 

Pd(PPh3)4 q1 
(nm-1) 

L1 
(nm) 

Rel. volume 
fraction of L1 

q2 
(nm-1) 

L2 
(nm) 

Rel. volume 
fraction of L2 

σ 

0% 0.072 87 19% 0.231 27 81% 1 

0.75% 0.095 68 20% 0.375 18 80% 0.97 

3% 0.081 76 10% 0.20 31 90% 0.99 

7% 0.035 179 14% 0.194 32 86% 0.96 



 

 88 

 

Figure S3.12. a) Reflectance and b) transmittance spectra of films with different amount 
of added catalyst and refractive index n and extinction coefficient k. 

Equations for the determination of α, n and k.[259,127] 

𝛼 =
1

𝑑
 𝑙𝑛 (

(1−𝑅)2

2𝑇
+ (

(1−𝑅)4

4𝑇2 + 𝑅2)
0.5

)   (S3.1) 

𝑘 =  
𝛼𝜆

4𝜋
       (S3.2) 

𝑛 =  |
1+𝑅2

1−𝑅2
|       (S3.3) 
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Figure S3.13. Experimental current voltage characteristics of those devices that were 
simulated based on the transfer matrix method. The photocurrent at -2 V is indicated. 

Table S3.2. Experimental photocurrent Jph -2V at -2V, extraction efficiency η-2V at -2 V and 
the corresponding calculated saturated photocurrent Jsat, theoretical photocurrent Jtheo based 
on optical simulations and the resulting geminate recombination prefactor Pg. 

Pd(PPh3)4 
(wt%) 

Jph -2V 
(mA/cm2) 

η-2V 
Jph,sat 

(mA/cm2) 
Jtheo 

(mA/cm2) 
Pg 

0 26.11 0.996 26.21 27.69 0.98 

0.75 25.07 0.987 25.40 27.36 0.93 

3 21.75 0.967 22.49 28.69 0.78 

7 20.06 0.967 20.74 28.36 0.73 
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Figure S3.14. a) Fluorescence intensity of a neat PTB7-Th film and of a film with 7 wt% 
added Pd(PPh3)4 b) Fluorescence intensity of a neat IOTIC-4F film and of a film with 7 
wt% added Pd(PPh3)4. 

 

Figure S3.15. a) TCSPC measurements of the blend film were only able to display the 
instrument response function and this result was the same with and without the catalyst. 
Time-resolved photoluminescence measurements for b) the IOTIC-4F acceptor (800 nm 
λex, 960 nm λdetection) and c) the PTB7-Th donor films (400 nm λex, 760 nm λdetection), with 
(red) and without catalyst (black) show a reduction in the PL lifetime.  
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Figure S3.16. a) (EQE · ℎ𝜈)2 versus energy plot and linear fit to determine the optical band 

gap of the devices with different amount of added catalyst. b) (α · ℎ𝜈)2 versus energy plot 
and linear fit to determine the optical band gap of the devices with different amount of 
added catalyst. 

 

Figure S3.17. Differential resistance for solar cells with a) 0% catalyst, b) 0.75% catalyst, 
c) 3% catalyst and d) 7% catalyst. 
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Figure S3.18. Nyquist plot of a film of sol-gel ZnO of 170 nm thickness and its corrected 
capacitance spectrum used for the determination of the dialectic constant of the ZnO 
electrode material. 

Table S3.3. Urbach Energy EU, band gap Eg, shunt resistance Rsh (average of devices) and 
dielectric constant ε of PTB7-TH:IOTIC-4F devices with different amount of Pd(PPh3)4 
as well as average build-in field Vbi. 

Pd(PPh3)4 
(wt%) 

EU 

(meV) 
Eg 

(eV) 

Rsh 

(Ω cm2) 
ε 
 

Vbi 

(V) 

0 26.8 ± 0.4 
1.31 

± 0.01 
5.9 · 104 

± 1.5 · 104 
3.16 

± 0.15 
0.771 

0.75 25.5 ± 0.5 
1.31 

± 0.01 
4.3 · 104 

± 1.3 · 104 
3.00 

± 0.28 
0.782 

3 24.5 ± 0.7 
1.31 

± 0.01 
4.53 · 104 

±  1.4 · 104 
3.05 ± 
0.14 

0.706 

7 27.0 ± 0.0 
1.31 

± 0.01 
4.4 · 104 

±  1.6 · 104 
3.13 ± 
0.18 

0.712 
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Figure S3.19. Capacitance spectra of devices with different amount of Pd(PPh3)4 in the 
dark and under 1 sun illumination. 
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Figure S3.20. Recombination currents (Jrec= Jph – Jph,sat ) and fits based on the parameters 
determined by analysis of impedance spectroscopy data for devices with a) 0%, b) 0.75%, 
c) 3% and d) 7% added catalyst. 
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Figure S3.21. a) Effective mobility, b) lifetime, and c) extraction efficiency in dependence 
of the corrected voltage. 

In addition to the determination of the effective mobility, we quantified the hole mobility of 

the PTB7-Th:IOTIC-4F system and the system with 0.75% added Pd(PPh3)4 by fabricating hole 

only diodes. In these devices with symmetric contacts, which are favorable for hole injection, and 
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unfavorable for electron injection, the transport is dominated by the donor material. Fitting to 

the Mott Gurney Law, Equation S3.4, results in similar mobility values of μSCLC = 2.29 ·10-4 

±  0.03 ·10-4cm2/Vs for the 0% diode and in μSCLC= 1.27 ·10-4 ± 0.01 ·10-4cm2/Vs for the 0.75% 

diode (Figure S3.22). 

𝐽(𝑉) =
9

8

𝜖𝜖0𝜇𝑉2

𝑑3
     (S3.4) 

 
Figure S3.22. Space charge limited current fits and experimental current voltage 
characteristics of a ITO/PEDOT:PSS/PCE10:IOTIC-4F/MoOx/Ag hole only diode with a) 
no catalyst and b) 0.75% catalyst in the active layer. 

 

 

Figure S3.23. X-ray reflectivity fit and fitting parameters of PCE10:IOTIC-4F film. 
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Below, we summarize the performance change on the PM6:Y6 solar cell system. The cells 

were fabricated in inverted device structure, as described for the PTB7-Th:IOTIC-4F system in 

the experimental part of the main text, but with an active layer comprised of PM6 and Y6 in a 

1:1.2 ratio in chloroform (18 mg/mL) with 0.5% 1-chloronaphthalene as additive, that was spin 

coated at 3000 rpm. The devices were annealed for 10 min at 110 °C before evaporation of the 

back electrodes. 

Table S3.4. Photoelectrical parameters of the PM6:Y6 BHJ solar cells with different 
amounts of Pd(PPh3)4 under 100 mW/cm2 AM1.5 illumination. 

Pd(PPh3)4 (wt%) 
Jsc 

(mA/cm2) 
VOC 
(V) 

FF 
(%) 

PCE 
(%) 

0 26.27 0.83 0.707 15.4 

0.75 25.47 0.82 0.718 15.0 

3 22.96 0.81 0.67 12.5 

7 20.07 0.81 0.644 10.5 

 

 
Figure S3.24. Current-Voltage characteristics of PM6:Y6 solar cells with different 
amounts of Pd(PPh3)4 added to the active layer under 100 mW/cm2 AM 1.5 illumination. 
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Chapter 4: A Simple Approach for Unraveling 

Optoelectronic Processes in Organic Solar Cells 

Under Short-Circuit Conditions 

4.1 Introduction 

Organic Photovoltaic (OPV) materials promise the fabrication of flexible, lightweight and 

semitransparent solar cells for integrated energy harvesting while allowing low-cost, large scale 

and solution-based processing.[170,260,261] Advancement in synthesis, specifically the development 

of non-fullerene acceptors, as well as progress in device design and processing, has led to 

continuous improvements of the performance in the last decade.[262,166,106] Most recently, 

remarkable photoconversion efficiencies (PCEs) up to 18.2% were achieved.[169,214,263] This 

progress in the field of OPVs is intricately linked to the correct assessment of material and device 

parameters and to efforts towards deconvoluting the electronic processes and the contributions 

of different loss mechanisms.[264,265] 

Under short-circuit conditions, the interplay of exciton photogeneration in the active layer, 

geminate and non-geminate recombination processes and free charge carrier extraction define the 

measured electron flux (photocurrent).[245,253,266–268] The complexity of the photoelectronic 

processes complicates the analysis, and advanced techniques are frequently applied to characterize 

a single aspect.[136,137,269,270] For example, impedance spectroscopy is commonly used to gauge the 

losses due to non-geminate recombination, and Time-Delayed Collection Field (TDCF) is 

employed to investigate geminate recombination losses.[136,137,269,270] 

In this work, we propose a comprehensive technique that allows the quantification of geminate 

recombination and the determination of the mobility-lifetime product µτ. We couple optical 

transfer matrix method-based simulations with simple experimental methods (JV-characteristics, 
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EQE) that are readily available in most laboratories. The geminate recombination losses are 

quantified by a geminate recombination prefactor Pg, which is a material parameter of the active 

layer's donor:acceptor blend. Pg describes the fraction of excitons splitting into free electrons and 

holes; thus, Pg approaching unity is desirable for efficient OPVs.[86] We determine Pg from 

experimental current-voltage characteristics combined with optical simulations. 

Next, we propose a new approach to obtain the mobility-lifetime product µτ based on the 

measurement of the external quantum efficiency (EQE), the previously determined Pg and the 

simulation of the EQE. The effective mobility μ defines a charge carrier's drift velocity vd in a 

given electric field E and the effective lifetime τ describes the time between the generation of a 

free charge carrier and its subsequent annihilation via recombination. Thus, the mobility-lifetime 

product µτ as a single integrated parameter includes both charge transport and non-geminate 

recombination features.[271] Efforts to provide accessible means to determine the µτ product are 

reported in the OPV community only rarely, and, if so, they are based on substantial 

simplifications, and the results are not juxtaposed with those obtained by any independent 

method.[272] Since µτ determines the distance that a photogenerated charge carrier travels in the 

active layer before it recombines, we can quantify the extraction efficiency η under short-circuit 

conditions.[254,273,274] Having quantified all contributions under short-circuit conditions, we can 

predict the Jsc in dependence on the active layer thickness, taking into account geminate and non-

geminate recombination losses. 

4.2  Results and Discussion 

We apply our developed technique to three solar cells with different donor:acceptor blends 

and device architectures. We show how the obtained results allow the comparison of material- 
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and device architecture-specific features across different organic photovoltaic devices. First, the 

proposed technique is applied to a solar cell in inverted structure based on the non-fullerene 

acceptor (NFA) 2,2'-((2Z,2'Z)-((5,5'-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']-

dithiophene-2,6- diyl)bis(4-((2-ethylhexyl)oxy)thiophene-5,2-diyl))bis(methanylylidene))bis(5,6-

difluoro3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (COTIC-4F) and the 

polymer donor poly[4,8bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-

diyl-alt-(4-(2-ethy-lhexyl)3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PCE10). 

Second, we investigate devices in conventional structure with an active layer blend composed of 

PCE10 donor and the NFA 2,2'-((2Z,2'Z)-((5,5'-(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-

indaceno[1,2-b:5,6-b']dithiophene-2,7-diyl)bis(4-((2-ethylhexyl)oxy)thiophene-5,2-diyl))-

bis(methanylylidene))bis(6-fluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile 

and its isomers (IOTIC-2Fa) and third we use a solar cell system based on the polymer donor 

poly[(2,6-(4,8-bis(5-(2ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-

(5,5-(1’,3’-di-2-thienyl5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)] (PM6) 

and the NFA 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-

[1,2,5]thiadiazolo[3,4-e]thieno[2",3’':4’,5']thieno[2',3':4,5]pyrrolo[3,2-g]thieno[2',3':4,5]thieno[3,2-

b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile (Y6). The chemical structures are shown in Figure 4.1a and the device 

architectures are displayed in Figure 4.1 b). The photoelectrical parameters of the solar cells are 

summarized in Table S4.1 in the supporting information and current-voltage characteristics of 

respective devices in the dark and under 1 sun illumination are shown in Figure S4.1. We chose 

the three non-fullerene based systems since they provide a suitable basis for a study across 

different device structures (conventional, inverted), across different performances (PCEs from 

6.8% to 12.1%), different built-in voltages (0.623 V to 0.920 V) and different active layer 
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thicknesses (80 nm to 140 nm) and most importantly different short circuit current densities of 

16.5 mA/cm2 (PCE10:IOTIC-2Fa), 20.9 mA/cm2 (PCE10:COTIC-4F) and 

24.0 mA/cm2(PM6:Y6). The system with COTIC-4F features the narrowest band gap NFA 

currently reported (Eg = 1.10 eV), which is of special interest for the fabrication of IR 

photodetectors and semitransparent OPVs.[170,275] The PM6:Y6 system has been recognized for 

its high performance of over 15%.[214,215] A recent report shows that the FF and Jsc drop with the 

increase of the low molecular weight fraction (LMWF).[216] Here, we investigate a system with 7% 

LMWF PM6 donor polymer, which has efficiency limitations compared to PM6:Y6 blends with 

a smaller (1%) LMWF. At the same time, it is still performing higher than the other two chosen 

systems of our study. This way, we hope to shed light onto the question whether the PCE or the 

Jsc directly correlate with the µτ product or if it is necessary to quantify extraction and 

recombination losses to understand what governs the Jsc. Further, the IOTIC‐2Fa based system 

was chosen, since has a high built-in voltage is and its relatively low Jsc is rather unexpected.[218] 

Here we will unravel the processes in this system that cause the limitations of the Jsc. 
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Figure 4.1. a) Chemical structures of the non-fullerene acceptors (red, top row) and the 
polymeric donor materials (blue, bottom-row) used in this work in the BHJ solar cells in 
the combinations PCE10:COTIC-4F, PCE10:IOTIC-2Fa and PM6:Y6. b) Schematic 
inverted or conventional device architectures of the solar cells fabricated for this work. 

4.2.1 Optical Properties and Simulation of the Generation Rate in the Active 

Layer 

The exciton generation rate G(x,λ) in the active layer of a solar cell under illumination is 

determined by the optical properties of all layers, the refractive index n(λ) and extinction 

coefficients k(λ), in conjunction with the device architecture.[162,163,276] More specifically, the 

fraction of reflected and transmitted light at each interface depends on the difference in the 

refractive index n(λ) of adjunct layers, whereas the ability of each layer to absorb the incident light 

of a certain wavelength is described by the extinction coefficient k(λ).[162,163,276] The thickness of 

each layer is of importance because the wavelength-specific interference pattern of the optical 
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field will vary depending on the exact device architecture.[162,163] We determined the optical 

constants of all materials that were used in this work, except those of Ba,[277] Al,[278] and 

PEDOT:PSS,[279] which are reported in the literature. 

 

Figure 4.2. a), b), c) Refractive index n of metal oxides, metals and organic materials used 
in the device fabricated in this work. d), e), f) Extinction coefficients k of metal oxides, 
metals and organic materials used in the device fabricated in this work. g), h), i) Refractive 
index and extinction coefficient of the active layers. j), k), l) The resulting generation rates 
G(x,λ) under 100 mW/cm2 AM 1.5 illumination. 
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The refractive indices, n, of the metal oxides Indium-Tin Oxide (ITO), Zinc Oxide (ZnO) and 

Molybdenum(VI)oxide (MoOx) are shown in Figure 4.2a, n of the metals Al, Ba and Ag are 

shown in Figure 4.2b and n of the organic materials poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) and 2,9-Bis[3-(dimethyloxidoamino)propyl]anthra[2,1,9-def:6,5,10-

d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetrone (PDINO) are shown in Figure 4.2c. The extinction 

coefficients k(λ) of these materials are displayed in Figure 4.2d-f. The glass substrate's optical 

properties can be found in Figure S4.3. The optical properties of the active layers PCE10:COTIC-

4F, PCE10:IOTIC-2Fa and PM6:Y6 are shown in Figure 4.2g-i and Figure S4.2 shows the 

corresponding absorption coefficients. The comparison of the three blends reveals that the 

refractive index is in the narrow range between 1.3 and 2.6 for all three blends over the measured 

spectrum, in good agreement with the common assumption than most organic semiconducting 

materials have values of n ≈ 2.[130] The extinction coefficient of the PCE10:COTIC-4F blend 

peaks around 960 nm at a value slightly below 1. This absorption in the infrared, caused by the 

NFA, is in agreement with the reported ultra-narrow band gap of COTIC-4F.[275] The 

PCE10:IOTIC-2Fa is slightly more absorbing at its peak values, which are located at 709 nm and 

824 nm, but the absorption window is narrower than in the previous blend; its extinction 

coefficient does not extend much beyond 900 nm. The values of the extinction coefficient of the 

PM6:Y6 blend and its absorption window are of similar magnitude as to those of the 

PCE10:IOTIC-2Fa blend but a blueshift of both absorption onset and offset can be observed. 

Having obtained all optical constants, we then simulated the exciton generation rates G(x,λ) 

under 100 mW/cm2 AM1.5 illumination with the available transfer matrix method 

software.[162,163,253] The generation rates are shown in Figure 4.2-l for the three solar cell systems. 

The position x ranges from x = 0, which describes the interface of the active layer with the ZnO 

layer in inverted and the PEDOT:PSS layer in conventional structure, to x = L, for the device 
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active layer thicknesses of j) L = 140 nm, k) L = 86 nm and l) L = 100 nm. From all three 

generation rate profiles, it is evident that the absorbing nature of the active layer causes the 

maximum absorption to be in the vicinity of the x = 0 interface. It is noteworthy, that the devices 

based on the COTIC-4F:PCE10 and the PM6:Y6 blend benefit from generation rates that extend 

more into the bulk of the active layer, which becomes visible when comparing G(x,λ) beyond 

80 nm for each system; in the case of the solar cell that is based on PCE10:IOTIC-2Fa, the 

generation is strongly reduced at positions beyond 80 nm despite high generation (> 81019 cm-3s-1) 

near x = 0. In general, a high generation rate is expected to be beneficial for the device 

performance as it is expected to increase the short-circuit current. We will demonstrate though, 

that a direct correlation cannot be made as other factors impact the performance under short-

circuit conditions as well. 

4.2.2 Quantifying Geminate Recombination: Determination of the 

Geminate Recombination Prefactor 

The integration of G(x,λ) over the known spectrum I(λ) leads to an only spatially dependent 

generation rate G(x), as schematically depicted in Figure 4.3a. When this spatially dependent 

generation rate G(x) is integrated once more over the active layer thickness L, we obtain the 

photogenerated charge carrier flux in the active layer. Multiplication with the elementary charge 

q, therefore, directly yields the theoretically obtainable short-circuit current Jsc,theo that is based on 

the optical simulations. 
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Figure 4.3. a) Schematic of the generation rate G(x) in dependence of the position in the 
device under illumination from the x = 0 side, to visualize the relationship between the 
theoretical short-circuit current Jsc,theo and G(x). b) schematic of geminate recombination of 
a coulombically bound electron-hole pair at the donor-acceptor interface in the active layer. 
c) schematic of a solar cell's dark current Jd, light current Jl and the resulting photocurrent 
Jph, which saturates at large reverse bias as Jph,sat, and the relationship with G(x). d) spatially 
resolved exciton generation rates in the same device under the chosen monochromatic 
illumination. e) measured saturated photocurrent Jph,sat and theoretical short-circuit current 
Jsc,theo for different monochromatic illumination conditions of a PCE10:COTIC-4F solar 
cell, showing negligible wavelength dependence. f) Geminate recombination prefactor Pg 
for the PCE10:COTIC-4F, PCE10:IOTIC-2Fa and PM6:Y6 solar cells. 

In practice, not all absorbed photons create free charge carriers to yield Jsc,theo, since a fraction 

of the created excitons in the active layer recombines geminately at the donor/acceptor interface 

before the electron-hole pair separates into free electron and hole (Figure 4.3b).[156,245,280,281] These 

geminate recombination losses can be quantified by comparison of the simulated theoretical 

short-circuit current Jsc,theo with the experimental saturated photocurrent Jph,sat, which is reached at 

large reverse bias (see Figure 4.3c ). The photocurrent Jph is defined as Jph = Jl-Jd, with Jl being the 

current under illumination and Jd the current in the dark, as schematically shown in Figure 4.3c. 

At high reverse bias, the internal electrostatic field in the active layer of the solar cell is large and 
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in good approximation, all free photogenerated electrons and holes are extracted at the respective 

electrodes and non-geminate losses are negligible.[98,282,283] Therefore, the difference between the 

simulated Jsc,theo and the experimental Jph,sat can be only attributed to geminate recombination 

losses.[98,282,283] Consequently, we can define the geminate prefactor Pg as Pg = Jph,sat/Jsc,theo, which 

describes the fraction of free electrons or holes per created exciton. 

To quantify the geminate recombination losses, we combine the simulation of the generation 

rate under monochromatic illumination of known intensity with experimental JV-characteristics 

under the same illumination conditions. The use of monochromatic illumination eliminates errors 

that would arise if the illumination spectrum were not well defined (e.g., due to changes in the 

solar simulator spectrum over time or more generally due to a not well-defined spectral 

distribution). Further, it can reveal inaccuracies of the simulation input if repeated at multiple 

wavelengths. Since the simulated short circuit current/the measured saturated photocurrent both 

depend on the absorption in the active layer (proportional to k) and on the optical field 

distribution in the active layer (which is determined by the optical properties of all layers in the 

device due to interference, reflection on the interfaces and parasitic absorption), a constant ratio 

and with that a constant Pg is only expected if all input parameter (thicknesses, optical properties, 

illumination conditions) are set correctly. Therefore, a repetition of the experiment at multiple 

wavelengths allows checking for potential errors in any of these parameters.  

To determine Pg for the first blend system based on PCE10:COTIC-4F, we first illuminated a 

solar cell at monochromatic illumination of known intensity at a wavelength of 450 nm. We 

obtained the saturated photocurrent Jph,sat under this illumination condition experimentally and 

simulated the Jsc,theo of the device for this illumination condition, which yields Pg = 0.75. We then 

repeated the experiment and the simulation for monochromatic light at different wavelengths of 

550 nm, 650 nm, 710 nm, 790 nm and 890 nm. Figure 4.3d visualizes the Generation rates at 
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these chosen monochromatic illumination conditions. The Jph,sat and Jsc,theo values that we obtained 

are shown in Figure 4.3e. The geminate recombination prefactor Pg as the average across the 

Jph,sat/Jsc,theo ratios under illumination at different wavelengths amounts to Pg = 0.77 ± 0.02 for the 

PCE10:COTIC-4F system, as shown in Figure 4.3f.  

We obtained Pg for the other two blend systems in the same manner. Figure 4.3f shows that 

the geminate losses in the PCE10:IOTIC-2Fa system, with Pg = 0.69 ± 0.04, are slightly increased 

in comparison to the geminate losses in the PCE10:COTIC-4F. The higher-performing PM6:Y6 

system though shows only minimal geminate recombination losses, with Pg = 0.95 ± 0.02. This 

result is in good agreement with a recent study of the geminate losses of the PM6:Y6 system with 

the time‐delayed collection field, EQE, and Voc measurements.[98] 

4.2.3 Simulation of the External Quantum Efficiency: Determining µτ 

After the determination of the geminate recombination prefactor, we obtain the 𝜇𝜏 product 

by simulating and fitting the external quantum efficiency (EQE(λ) or EQE) to the experimental 

EQE. The EQE of a solar cell is defined as the electron flux in the outer circuit per wavelength-

dependent photon flux of the incident light and is typically measured at 0 V. The electron flux 

can be described by the short circuit current as Jsc/q, and the incident photon flux is the light 

Intensity I(λ) divided by the photon energy ℎ𝑣, as shown in Equation 4.1. In contrast to the Jsc, 

the EQE is not sensitive to the exact illumination conditions of the experimental setup, as is 

evident from its definition. 

We simulate the exciton generation rate G(x) under monochromatic illumination considering 

the standard AM1.5 spectral distribution and divide the simulated Jsc,theo by the photon flux of the 

monochromatic illumination known from the same AM1.5 spectrum. This way, we obtain the 
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simulated EQEtheo, which is the theoretical maximum of the EQE, based on only the optical 

simulations, assuming full extraction and no geminate recombination (η = 1 and Pg = 1). 

Under real working conditions, a part of photogenerated excitons will be lost due to geminate 

recombination, and, in addition, free charge carriers will recombine non-geminately. Thus, the 

measured Jsc is defined by Pg and the charge extraction efficiency η(x). The apparent EQE can, 

therefore, be calculated by using Equation 4.1. 

EQE𝜆 =
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑓𝑙𝑢𝑥 𝑖𝑛 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥
 =  

𝐽𝑠𝑐

𝐼(𝜆)

ℎ 𝜈

𝑞
= 𝑃g 

∫ 𝐺 (𝑥, 𝜆) 𝜂( 𝑥)
𝐿

0  𝑑𝑥

𝐼(𝜆)

ℎ 𝜈

𝑞
 (4.1) 

The Hecht equation (Equation 4.2) describes the spatially resolved extraction efficiency η(x), here 

shown for the inverted structure, for which light enters the device from the electron collecting 

electrode.[254,273] As the sum of the extraction efficiency for electrons ηn(x) (Equation 4.2b) and 

the extraction efficiency for holes ηp(x) (Equation 4.2c), η(x) depends on the mean free path w 

that a charge carrier travels in the active layer before recombining, on the active layer thickness L 

and the position x within the active layer. The mean free path is directly proportional to the 

mobility-lifetime product µτ and the internal electrostatic field Vbi/L.  

𝜂(𝑥) = 𝜂𝑛(𝑥) + 𝜂𝑝(𝑥)     (4.2a) 

𝜂𝑛 =
𝑤

𝐿
 (1 − exp

−(𝐿−𝑥)

𝑤
)     (4.2b) 

𝜂𝑝 =
𝑤

𝐿
 (1 − exp

−𝑥

𝑤
)     (4.2c) 

𝑤 =
𝜇𝜏𝑉𝑏𝑖

𝐿
       (4.3) 
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Figure 4.4. Experimental EQE spectra (black solid curves) and simulated EQE spectra 

for η =1 and Pg=1 (red dotted curves), simulated EQE spectra for η=1 and Pg as 
determined experimentally (blue dashed curves) and fit of the simulated EQE to the 
experimental EQE (green dash-dotted curves) for solar cells based on a) PCE10:COTIC-
4F, b) PCE10:IOTIC-2Fa and c) PM6:Y6. 

We determined the built-in potential, Vbi, from the dark current-voltage characteristics and 

used the AM1.5 spectral distribution to calculate the theoretical EQEtheo (Equation 4.1) for the 

case of Pg = 1 and η = 1, shown in Figure 4.4 (dotted red curves) for the three blend systems. 

The solar cells based on PCE10:COTIC-4F and PM6:Y6 exceed high external quantum 

efficiencies of 0.8, which is expected based on the generation rates that were discussed earlier. 

Specifically, the PM6:Y6 system has a relatively flat high response over a wide wavelength range 

(400-850 nm) thanks to the efficient charge generation in this system. 

Next, we take the geminate losses into account, which reduce the EQEs to different extends 

(dashed blue curves). The EQEs that would be obtained if only geminate losses would occur are 

significantly lower than the EQEtheo (> 20% reduction) for the PCE10:COTIC-4F and the 

PCE10:IOTIC-2Fa device, showing that geminate losses govern the experimental EQE to a 

significant extent in these systems, whereas the higher-performing PM6:Y6 system shows only a 

negligible reduction of the EQE by geminate losses. We will discuss the implication for the short-

circuit current in more detail below. 

The remaining difference to the experimental EQE is attributed to the extraction efficiency 

η(x) as a function of µτ. Least-square fitting, with µτ as the only fitting parameter, yields the 
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green dash-dotted curves in Figure 4.4. The simulated and fitted EQEs capture the overall shape 

and the wavelength-dependent features of the experimental EQEs very well, implying that the 

device architecture and optical properties were determined accurately and confirming the 

simulation of the generation rates. In the inverted PCE10:COTIC-4F solar cell, the EQE is 

slightly overestimated around 400 nm, whereas the rest of the spectrum shows an exceptionally 

good fit, including the infrared wavelength region beyond 1000 nm. Inhomogeneities of the ZnO 

film thickness might cause the deviation around 400 nm since the absorption of ZnO is limited 

to wavelengths around this wavelength region. Similarly, a small overestimation at short-

wavelengths can be seen in the case of PCE10:IOTIC-2Fa and to a lesser extend for PM6:Y6. 

Here, it might be caused by either an underestimation of the reflection from the Al back electrode, 

which would lead to a lower generation around 320 nm, possibly caused by minor deviations of 

the Ba or PDINO interlayer thickness. Around 700 to 800 nm, the EQE is slightly 

underestimated in the PCE10:IOTIC-2Fa solar cell. A possible reason could, in this case, be the 

absorption of the ITO layer, which has an onset around 700 nm. We note that these explanations, 

which are based on the simulated fraction of absorbed light in each layer, are speculative in nature, 

as the interplay of the optical properties of all layers and their thicknesses that govern the 

simulated EQE is complex. Further, we cannot exclude that minor changes in the processing 

conditions of the materials employed in the device structure do not impact their optical 

properties. Considering all these aspects, we want to highlight again the very good agreement of 

simulated and experimental EQE for most parts of the spectrum. The values for the mobility-

lifetime products obtained by this fitting are summarized in Figure 4.5. 
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4.2.4 Comparison with Impedance Spectroscopy 

To validate our new approach, we analyzed the solar cells based on PCE10:COTIC-4F, 

PCE10:IOTIC-2Fa and PM6:Y6 with an independent method. We employed voltage-capacitance 

spectroscopy (impedance spectroscopy) and used a conventional approach to determine the µτ 

product by fitting the recombination current.[136,137] The values for µτ obtained by this method 

are also shown in Figure 4.5. Figure S4.5 shows the capacitance spectra in the dark and under 

illumination, and Figure S4.6 shows the fits of the total recombination current and separate 

contributions of all dominant recombination mechanisms.  

 

Figure 4.5. Comparison of the determined mobility-lifetime product based on our 
proposed approach with the one based on the analysis of capacitance-voltage spectra 
‘impedance’.[136,137] 

From this comparison, good agreement between our proposed method and the established 

impedance spectroscopy technique can be seen, confirming the validity of our approach to 

determine Pg and µτ. To further demonstrate the applicability of our approach to fullerene 

systems, we carried out the analysis for a P3HT:PC60BM based solar cell as described in the S9. 

Good correlation between the results obtained by our approach and those obtained with 

impedance spectroscopy were found for this system as well as shown in Figure S4.9. 
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While the impedance spectroscopy technique yields besides the µτ product also non-geminate 

recombination parameters for bulk trap-assisted, surface trap-assisted and bimolecular 

recombination as well as bias-dependent charge carrier densities, it has several short-

comings.[136,137] First, the technique requires the measurement of the JV-characteristics and the 

real and imaginary parts of the impedance of the solar cell in the dark and under illumination at 

different biases with an impedance analyzer, an instrument that is not always available. Second, a 

rather complex multi-step analysis and fitting process follow. The measurement and analysis of 

impedance spectroscopy data are not only time-consuming but can be challenging for 

inexperienced users. 

In contrast, our approach uses only JV-curves and EQE measurement, two quick standard 

measurements that are available in most, if not all, OPV laboratories. Second, the transfer matrix 

method-based simulations combined with our python-based software and the optical properties 

of standard OPV materials are available at no cost and allow the reproducible automated fitting 

of the EQE. However, the most significant advantage of our approach is that it allows us to 

obtain information about the generation process and the geminate recombination losses, which 

is crucial for the understanding of the electronic processes under short-circuit conditions. Finally, 

it can be employed for material- and time-conserving device optimization, as outlined after the 

discussion of the results. 

4.2.5 Discussion of the Processes under Short-Circuit Conditions 

The analysis of the three systems provides a comprehensive picture of the limitations under 

short-circuit conditions. The results are summarized in Table 4.1 and the spatially dependent 

extraction probability is displayed in Figure S7.  
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Table 4.1. Geminate recombination prefactor Pg, mobility-lifetime product 𝜇𝜏 and average 

extraction efficiency �̅� (AEE) determined by our approach for the three studied solar cells 
and theoretical Jsc that would be obtained without any geminate recombination and 
extraction losses, theoretical Jsc that would be obtained without extraction losses and Jsc 
based on the experimental EQE, all under 100 mW AM1.5 illumination. 

 Pg 
𝝁𝝉 
[cm2/V] 

�̅� 
(AEE) 

Jsc �̅�=1, Pg=1 

[mA/cm2] 
Jsc �̅�=1 

[mA/cm2] 

Jsc 

[mA/cm2] 

PCE10:COTIC-4F 
0.77 ± 

0.02 
6.3·10-10 0.86 30.8 23.7 20.4 

PCE10:IOTIC-2Fa 
0.69 ± 

0.04 
1.8·10-10 0.86 24.4 16.9 14.5 

PM6:Y6 
0.95 ± 

0.02 
4.4·10-10 0.92 27.0 25.7 23.6 

 

The integration of the EQE of the ultra-narrow band gap system PCE10:COTIC-4F, using 

the AM1.5 spectrum, gives a Jsc of 20.4 mA/cm2. Note that this value varies slightly from the 

experimental Jsc, due to the small mismatch between the used solar simulator's spectrum and the 

AM1.5 spectrum. The Jsc is close to the values of the most efficient systems currently reported. 

Nevertheless, the theoretical Jsc that would be obtained without the contribution of geminate 

recombination and extraction losses is even higher (30.8 mA/cm2) and with that the highest 

among the three systems, due to a thick active layer (140 nm) and absorption in a broad spectral 

range. A geminate prefactor of 0.77 reduces the number of photogenerated free charge carriers 

to a considerable extend. If all of them were extracted, a Jsc of 23.7 mA/cm2 would be achieved. 

Despite the thick active layer and a low build-in field (Vbi = 0.623 V) an average extraction 

efficiency (AEE) of 0.86 is reached, which is explained by the large µτ of 6.3·10-10 cm2/V. 

The PCE10:IOTIC-2Fa system absorbs in a narrower range, and its active layer is thinner 

(86 nm). If all charge carriers would be efficiently separated and extracted, a maximum Jsc of 

24.4 mA/cm2 could be reached. Geminate recombination plays a significant role in this system 

as well, reducing the number of free charge carriers by a factor of Pg = 0.69. The low µτ of 1.8·10-

10 cm2/V does not limit extraction in this device as much as it would in the previous case: In fact, 
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the thin active layer combined with a high Vbi = 0.920 V leads to the same AEE (0.86) as in the 

previously discussed PCE10:COTIC-4F system, yielding a Jsc of 14.5 mA/cm2 under 1 sun AM1.5 

illumination according to the experimental EQE. 

PM6:Y6 has the highest Jsc of the three systems; under 100 mW AM1.5 illumination 

23.6 mA/cm2 is obtained. This value is close to the maximum obtainable Jsc (27.0 mA/cm2). 

Geminate recombination losses are almost absent in this high performing system (Pg= 0.95) and 

an intermediate µτ of 4.4·10-10 cm2/V and Vbi = 0.849 V lead to a high AEE of 0.92 in the 100 nm 

thick device. These results explain the above-average performance of this blend system and 

illustrate that the three chosen blend systems and their short-circuit currents are predominantly 

defined by geminate recombination losses and not extraction losses. This is expected because the 

active layer thicknesses have been experimentally optimized before this work. Further 

morphological optimization may be of interest for the PCE10:IOTIC-2Fa and the 

PCE10:COTIC-4F system, whereas we see that the PM6:Y6 system already performs close to its 

intrinsic limits. 

4.2.6 Application for Device Optimization 

These examples illustrate how our approach allows making an in-depth assessment of the 

photoelectronic processes under short-circuit conditions and how it can guide the device 

optimization. In fact, we can take this a step further and predict the Jsc for different active layer 

thicknesses, taking into account the determined spatially- and wavelength-dependent exciton 

generation, the geminate recombination prefactor, and the thickness-dependent extraction 

efficiencies. Figure S4.8 shows the theoretical Jsc,theo that is calculated based on the optical transfer 

matrix method-based simulations (blue curve) and the AEE (black curve) as a function of the 

active layer thickness, calculated according to Equation 4.2 and averaged across the position in 
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the active layer. The red curve represents the predicted Jsc based on our approach, which is the 

product of the geminate prefactor, the extraction efficiency and the Jsc,theo as a function of different 

active layer thicknesses L. We see that the active layer thicknesses of the devices used in this study 

(dashed lines) are all within the green 98% range of the maximum Jsc that we predict. Experimental 

data of several devices (black squares) fit exceptionally well with our predictions. Figure S4.8 

illustrates how our approach goes beyond an active layer thickness optimization that is based 

solely on the maximization of the Jsc with optical simulations. In the case of PCE10:IOTIC-2Fa, 

for example, it is evident that a thin active layer is crucial for good extraction due to the low µτ. 

We predict a maximum Jsc for this system around 98 nm, whereas optical transfer matrix method-

based simulations predict an optimum active layer thickness of 133 nm to obtain the highest Jsc. 

A summary of the procedure for applying our approach for the device optimization can be found 

in the SI. To conclude, we expect our new method to be a useful tool for the characterization of 

the optoelectronic properties and for optimizing the active layer thickness for a maximum Jsc by 

fabrication and analysis of a single solar cell. While having discussed the analysis of three OPV 

systems in this work, we would like to highlight that our approach can be applied to Perovskite 

solar cells as well. 

4.3 Conclusion 

In this work, we provide the optical constants of relevant OPV materials and used a simple 

approach to quantify geminate recombination losses, coupling experimental JV-characteristics, 

measured under different monochromatic illumination, with optical transfer matrix-based 

simulation. Based on this, we then proposed a new method to obtain the µτ product in OPVs, 

which requires only the standard measurement of the EQE spectrum. We applied our new 

approach to three different non-fullerene acceptor based organic solar cell systems in inverted or 
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conventional device configurations and determined the geminate prefactor Pg, the mobility-

lifetime product 𝜇𝜏 and the extraction efficiency 𝜂. We have found very good agreement between 

the results for 𝜇𝜏 obtained by the proposed method and those derived from the established 

advanced analysis of voltage-capacitance-spectroscopic data. We further show that our simple 

method can predict the optimal device configuration/active layer thickness with accuracy that 

goes beyond the predictions based on only optical transfer matrix simulations, offering a fast and 

cheap alternative to the time- and material-consuming experimental device optimization. 

4.4 Experimental Section 

Fabrication of Organic Solar Cells 

Organics Photovoltaic devices were fabricated in inverted and conventional structure with the 

configurations glass/ITO/ZnO/PCE10:COTIC-4F/MoOx/Ag, 

glass/ITO/PEDOT:PSS/PCE10:IOTIC-2Fa/Ba/Al and 

glass/ITO/PEDOT:PSS/PM6:Y6/PDINO/Al. ITO substrates were purchased from Naranjo, 

cleaned with commercial detergent and distilled water and subsequent sonication in distilled 

water, acetone and isopropyl alcohol, for 20 minutes each. The substrates were dried overnight 

in an oven at 130  ̊C. In the case of the inverted device structure, the ZnO bottom contact was 

prepared by spin-coating a solution of Tetrahydrofuran and Diethylzinc (15% w/w in toluene) in 

a 2:1 volume ratio (30 μl at 4000 rpm for 15 seconds in air). After annealing the substrates for 20 

minutes at 150  ̊C under normal atmosphere, they were transferred into a nitrogen-filled glove 

box for the preparation of the active layer. A solution of PCE10:COTIC-4F (20 mg/mL, 1:1.5 

D:A mass ratio in chlorobenzene with 2% chloronaphthalene) was prepared beforehand and 

stirred for a minimum of three hours at 56 ̊C. 25 μl of this solution was spin-coated at 1500 rpm 
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for 1 minute. The deposition of the top electrodes by thermal evaporation followed with an 

Ångstrom evaporator at pressures of less than 10-6 Torr. 

For the devices in conventional structure, the ITO substrates were treated with UV-ozone for 15 

minutes and a layer of poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS, 

Clevios P VP Al 8043) was spin-coated outside the glovebox at 2500 rpm for one minute. The 

substrates were annealed for 20 minutes at 140  ̊C. For each batch of conventional devices, a 

substrate with PEDOT:PSS that was processed and annealed at the same time as those that were 

used for the device fabrication to determine the thickness of the PEDOT:PSS layer of that 

particular batch of devices.  

The active layers were prepared in the same manner as for the inverted structure, from a 

solution of PCE10:IOTIC-2Fa (21.5 mg/mL, 1:1.5 D:A mass ratio in Chlorobenzene with 1% 

1,8-Diiodooctane at 3000 rpm) and PM6:Y6 (18 g/mL,1:1.5 D:A mass ratio in Chloroform with 

1.5% chloronaphthalene, spin-coated at 4000 rpm), respectively. For the devices based on 

PM6:Y6, a PDINO solution in methanol with a concentration of 1 mg/mL was spin-coated on 

top of the active layer before Al was deposited by thermal evaporation.  

 

Solar Cell Characterization 

Current-voltage characteristics were measured inside a glove box using a Keithley 

2602Bsourcemeter. J-V curves were measured in the dark and under illumination of 10 mW cm-2 

(using an OD1 Newport 5215neutral density filter) and at 100 mW cm-2 with a solar simulator 

with a 300 W Xe lamp and an aperture of 9.4 mm2 was used to define the illuminated area. The 

solar simulator's light intensity was calibrated with a standard silicon solar cell with KG1 filter, 

which was calibrated by the National Renewable Energy Laboratory. 
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The external quantum efficiency (EQE) was measured using a 75 W Xe light source, 

monochromator, optical chopper (155 Hz), and a lock-in amplifier. Power-density calibration was 

performed with a calibrated Newport silicon photodiode. The focused monochromatic beam of 

the EQE lamp onto the device was photographed with respect to the known device substrate's 

dimensions, and the area was obtained by the pixel count of the illuminated area, and a light 

intensity between OD1 and 1 sun was found. 

For the determination of the geminate prefactor, the solar cells were illuminated with a 

monochromatic light source (300 W Xe lamp with a set of interference filters) inside a glove box. 

The current-voltage characteristics under monochromatic illumination were measured with a 

Keithley 4200 semiconductor characterization system. The monochromatic light's power was 

measured with a Thor Labs silicon photodiode. 

A Solartron SI1260 impedance analyzer was used to obtain the impedance spectra (frequency 

range 101–106 Hz). The devices were illuminated at 1 sun and 0.1 sun with the same solar 

simulator used for the measurement of the JV-characteristics. A small amplitude AC signal with 

40 mV was used. 

 

Optical Simulations and Fitting 

The device architecture was determined by profilometry measurements with an Ambios XP-100 

profilometer. The optical properties were determined by ellipsometry with a Woollam M-2000DI 

4 Variable Angle Spectroscopic Ellipsometer. As the substrate, either quartz glass or silicon was 

used and included in the model for fitting the layer of interest. The software for the Transfer 

Matrix Model was used as available from the literature to simulate the profile of the optical field 

in the active layer and to obtain the spatially and wavelength-dependent generation rates.[163] The 

python-based code created for this work works in conjunction with the optical modeling 
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software. More details about the code and its availability are described in the Supporting 

Information. 

4.5 Supplementary Information for Chapter 4 

4.5.1 Supplementary Data 

Table S4.1. Average photoelectrical parameters of the solar cells used in this work under 
1 sun solar simulator illumination. 

 JSC (mA/cm2) VOC (V) FF (%) PCE (%) 

PCE10:COTIC-4F 20.9 ± 0.1 0.57 ± 0.01 57.5 ± 0.6 6.8 ± 0.1 

PCE10:IOTIC-2Fa 16.5 ± 0.4 0.80 ± 0.01 55.3 ± 0.1 7.3 ± 0.2 

PM6:Y6 24.0 ± 0.9 0.78 ± 0.01 64.9 ± 2.7 12.1 ± 0.4 
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Figure S4.1. Current-voltage characteristics in the dark and under 1 sun illumination, 
photocurrent, saturated photocurrent and V0 of a a) PCE10:COTIC-4F, b) PCE10:IOTIC-
2Fa and c) PM6:Y6 solar cell. 
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Figure S4.2. Absorption coefficient α of the three solar cell blends. 

 

Figure S4.3. Optical constants of glass, determined with spectroscopic ellipsometry. 
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Figure S4.4. Differential Resistance of a),b) the PCE10:COTIC-4F solar cells in the dark 
and under 1 sun illumination, of c),d) the PCE10:IOTIC-2Fa solar cells in the dark and 
under 1 sun illumination and e),f) the PM6:Y6 solar cells in the dark and under 1 sun 
illumination. 

We determined the µτ at two illumination conditions (OD1 and 1 sun) since the illumination 

intensity of the used EQE setup is in between OD1 and 1 sun illumination. The average of the 

obtained values is displayed in Figure 4.5. The differential resistance at OD1 was assumed to be 

identical with the data for 1 sun for the analysis, which is justified by the minor changes observed 

comparing the differential resistance in the dark and under 1 sun illumination. 
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Figure S4.5. Frequency-dependent capacitance-voltage spectra of a) a PCE10:COTIC-4F 
solar in the dark, b) at an illumination of 0.1 sun and c) at an illumination of 1 sun, d) 
capacitance-voltage spectra of a PCE10:IOTIC-2Fa solar in the dark, e) at an illumination 
of 0.1 sun and f) at an illumination of 1 sun, g) capacitance-voltage spectra of a PM6:Y6 
solar in the dark, h) at an illumination of 0.1 sun and i) at an illumination of 1 sun. 
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Figure S4.6. Experimental recombination current and fit of the recombination current 
based on the parameters determined by the analysis of the impedance spectroscopy data of 
a) a PCE10:COTIC-4F solar cell under 0.1 sun and b) 1 sun illumination, of c) a 
PCE10:IOTIC-2Fa solar cell under 0.1 sun and d) 1 sun illumination and e) a PM6:Y6 solar 
cell under 0.1 sun and f) 1 sun illumination. 
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Figure S4.7. Spatially resolved and extraction efficiencies for the three investigated solar 

cells at 0 V and spatially averaged value of the extraction efficiencies �̅�. 
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Figure S4.8. Jsc,theo, calculated based on optical transfer matrix method simulations, 

extraction efficiency �̅� and the predicted Jsc as the product of Pg, Jsc,theo and �̅� , in dependence 
on the active layer thickness L for the three studied systems, as well as experimental data 
points. The green range indicates the thickness range in which the highest Jsc is expected 
(98% of maximum). The dashed line indicates the active layer thickness that was used in 
this study. 
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4.5.2 Applicability to Fullerene Systems: 

To demonstrate the applicability of the approach for fullerene systems, a P3HT:PC60BM solar 

cell with the device architecture glass/ITO (130 nm)/ PEDOT:PSS (20 nm)/P3HT:PC60BM (123 

nm)/Al (63 nm) was fabricated and analyzed. The approach was carried out as described in the 

main text but the µτ was calculated from the EQE at 550 nm. We find good agreement between 

the impedance spectroscopy results, which were obtained in the same manner as described for 

the other systems, and those delivered by our approach for µτ. The optical properties were used 

as reported in literature for films processed under the same conditions.[284] 

 

Figure S4.9. Comparison of the results obtained by our approach and by impedance 
spectroscopy for a P3HT:PCBM solar cell. 
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4.5.3 Step-by Step Guide for the Application of our Approach to the Device 

Optimization 

After obtaining the optical constants of the active layer and of other layers that are not 

provided in this work or other literature, the following steps lead to the prediction of the 

thickness-dependent Jsc. 

Experimental steps: 

1. Fabrication of at least one solar cell  (thickness measurement should be done after completing 

the other experimental steps)  

2. Measurement of the JV-characteristics at 1 sun and in the dark (to obtain Vbi)  

3. Measurement of the EQE 

4. Measuring JV-characteristics under monochromatic illumination 

Simulation and Calculation Steps: 

5. Simulating the Jsc,theo under the monochromatic illumination used in step 4. (It is important to 

set other wavelengths to zero in the spectral distribution file.)  

6. Calculation of Pg  

7. Using the provided software (see below) to obtain µτ and the extraction efficiency η by fitting 

to measured EQE. 

8. Calculation of the extraction probability η(x) for each thickness L of interest, then averaging 

η(x) to get extraction efficiency �̅� for each L. 

9. Simulation of the Jsc,ideal for each L (no losses) with TMM under 1 sun AM 1.5 or the spectrum 

of your interest. (blue curve) 

Product of Pg, η(L) and simulated Jsc,ideal give predicted Jsc. (red curve) 
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4.5.4 Software 

The python-based software created for this work operates in conjunction with the transfer 

matrix method software that was developed by George F. Burkhard, Eric T. Hoke at Stanford 

University.[130] 

Our part of the code includes: 

• the visualization of the 3D Generation rate 

• the calculation of the EQE in dependence on the position x in the device, the wavelengths 

and the µτ 

• fitting of the calculated EQEs to the experimental EQE and the output of the µτ 

• the calculation of the Jsc from measured EQE for AM1.5 illumination 

• a visualization of the extraction efficiency η(x) of electrons and holes at 0 V in 

dependence of the position in the device based on the determined µτ 

• a visualization of the extraction efficiency η(x) of electrons and holes at -3 V in 

dependence of the position in the device based on the determined µτ 

• the average extraction efficiency �̅� for different active layer thicknesses (required for 

device optimization) 

 

The combined software can be accessed publicly and used under the GNU license agreement 

after the date of publication of this work. It can be found together with the optical constants 

provided in the manuscript under https://github.com/nschopp/Optoelectronic-Processes-in-

Organic-Solar-Cells-Under-Short-Circuit-Conditions.  

  

https://github.com/nschopp/Optoelectronic-Processes-in-Organic-Solar-Cells-Under-Short-Circuit-Conditions
https://github.com/nschopp/Optoelectronic-Processes-in-Organic-Solar-Cells-Under-Short-Circuit-Conditions
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Chapter 5: On Optoelectronic Processes in Organic 

Solar Cells: From Opaque to Transparent 

5.1 Introduction 

Organic photovoltaics (OPVs) offer a cost-effective, sustainable alternative for energy 

harvesting. In the past few years, OPVs underwent enormous progress, with power conversions 

now reaching over 18%.[165,166,168,169,180] In contrast to their inorganic counterparts, OPVs are 

lightweight, thin and flexible, and their fabrication is less energy-intensive.[170,285,286] These 

advantages alone open up an entire range of new applications for remote energy harvesting. The 

perhaps most striking feature of organic materials is their molecular tunability, which has brought 

colorful and transparent or semitransparent (ST-) OPVs to reality.[167,170,275,287] ST-OPVs can be 

integrated into windows to harvest energy on-site, allowing unlimited architectural design 

possibilities and natural lighting for buildings.[67,68,170,288–290] When integrated into greenhouses, they 

can generate electricity while selectively transmitting the spectral range necessary for unhindered 

plant growth.[52,53,170] To meet the requirements for semitransparency, the active layer of the solar 

cell must absorb light outside the visible range (380 nm to 780 nm) while maintaining high 

transparency in the visible range.[291,292] The emergence of versatile non-fullerene acceptor (NFA) 

molecules for bulk heterojunction (BHJ) solar cells played a leading role in the development of 

ultra-narrow band gap systems. These have paved the way for the desired high absorption in the 

infrared range that is accompanied by a high average visible transmittance (AVT).[275,293,294] While 

NFA based donor:acceptor BHJ solar cells have been studied intensively in the past few years, 

efforts to understand the photoelectrical processes in BHJ solar cells mainly focused on opaque 

systems with high photo-conversion efficiencies (PCEs).[137,215,295] The inherent effects of 

semitransparency on the device physics in OPVs have rarely been addressed. One of the 
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challenges that arise is that the AVT cannot be experimentally varied as an independent parameter 

without altering other material properties. This work takes advantage of a simulation-based 

approach to unravel the effect of (semi)transparency on charge generation, non-geminate 

recombination and extraction processes in organic ST-OPVs and discusses the impact of series 

and shunt resistance on the solar cells with respect to the AVT. With that, the study aims to guide 

the further development of efficient ST-OPVs by underlining changes that are causally linked to 

the increased transparency, pointing out aspects of special considerations for the fabrication of 

efficient ST-OPVs. 

5.2 Results and Discussion 

5.2.1 Properties of the Designed Model Device Systems 

The effects of increased transparency are investigated by performing a comprehensive 

simulation-based study in which the absorption in the visible range is selectively varied while 

keeping all other parameters constant. We choose six fictive model device systems that are based 

on the physical properties of the previously reported state-of-the-art donor:NFA system PM6:Y6. 

The device structures are schematically depicted in Figure 5.1.[215] 

Figure 5.2a shows the optical constants that are the starting point of the simulations carried 

out in this work. The active layers labeled as k 0.75, k 0.5, k 0.25 and k 0 are obtained by a 

reduction of the extinction coefficient k 1 of the original blend to 75%, 50%, 25% and 0% of its 

initial values in the visible range (380 - 780 nm). Due to the variation of k in only the visible part 

of the spectrum, an increased transmittance/increased transparency is equivalent to an increased 

AVT in this work. It is worth noting that, generally, the terms AVT and 
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transparency/transmittance cannot be used interchangeably because changes in the absorption 

outside the visible range would not lead to a change in the AVT. 

 

 

Figure 5.1. Device architectures of the solar cells studied by simulation in this work and 
schematic indication of the device stack's transparency. 

The refractive index n(λ) used for all devices is shown in Figure 5.2a.  The variation of only 

k without any change in the refractive index n may not represent the physical relationship of n 

and k. Yet, it allows the study of the effect of the reduced absorption without introducing the 

complexity of changes in reflectance and interference patterns due to refractive index changes. 

This approach is supported by work that has shown that variation in the refractive index of 

organic semiconductors has a minor impact on the absorption and the accuracy of the transfer 

matrix optical simulation.[296] 
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Figure 5.2. Optical properties of the model systems and the resulting AVT and generation 
rates. a) Refractive index n and systematically varied extinction coefficient k of the active 
layers. Optical constants of all device layers available from the literature.[215,297] b) The 
resulting increased AVT of the devices with different active layers. c) Simulated spatially 
dependent generation rate G(x) for AM1.5 illumination reveal changes in the spatial 
distribution and the magnitude of charge carrier generation upon variation of the AVT. d–
i) Simulated spatially- and wavelength-dependent generation rates for all devices reflect the 
systematically reduced absorption in the visible range. 

The device configurations studied in this work are based on an inverted device structure 

comprised of an indium tin oxide (ITO) coated glass substrate with an electron collecting layer 

of zinc oxide (ZnO), followed by the active layer with the systematically modified extinction 

coefficient k and a hole collecting layer of molybdenum(VI) oxide (MoOx) with either silver or 

ITO as the back contact. The device architecture of the Ag k 1 device is glass(0.7 mm)/ITO(130 

nm)/ZnO(20nm)/active layer with original k 1 (100 nm)/ MoOx (7 nm)/Ag (100 nm). In the devices 

k 1, k 0.75, k 0.5, k 0.25 and k 0 the Ag electrode is replaced by a transparent ITO top contact, 

and, thus, the device structures are glass(0.7 mm)/ITO(130 nm)/ZnO(20nm)/active layer k 1, k 0.75, 
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k 0.5, k 0.25 or k 0 (100 nm)/ MoOx (7 nm)/ITO(100 nm). These devices are referred to as Ag k 1, 

k 1, k 0.75, k 0.5, k 0.25 and k 0. In a first step, the AVTs of the solar cells are calculated based 

on the transmittance of each device stack, the spectral intensity distribution of the AM1.5 

spectrum I(λ) and the photopic spectral response of the human eye V(λ), as 

𝐴𝑉𝑇 =  
∫ 𝐼(𝜆)⋅𝑇(𝜆)⋅𝑉(𝜆) 𝑑𝜆

∫ 𝑇(𝜆)⋅𝑉(𝜆) 𝑑𝜆
.[298,299] The transmittance T(λ) of each device stack is obtained from 

optical transfer matrix method simulations and the resulting AVT values are shown in Figure 

5.2b. Device k Ag 1 with Ag back contact is opaque, with an AVT of only 4%. Replacing Ag with 

ITO leads to a vastly increased AVT of 29%, which was then further increased upon the reduction 

of the active layer’s absorbance in the visible range to 37% for k 0.75, to 48% for k 0.5, to 63% 

for k 0.25 and 85% for k 0. These AVTs cover a wide range, confirming that the chosen model 

systems offer an appropriate setting for the systematic investigation of the effect of increased 

transparency on the photoelectronic processes in ST-OPVs.  

5.2.2 Impact of the AVT on the Charge Generation Processes 

The reduced absorption of photons in the more transparent devices directly results in 

reduced exciton generation rates and hence reduced charge generation rates. The charge 

generation rates G(x, λ), in dependence on the position x in the active layer (illumination from x 

= 0 side at normal incidence) and the wavelength λ, are simulated with the optical transfer matrix 

method and are shown in Figure 5.2d to 1i, based on the device architectures and the optical 

constants of each layer. The resulting 3D-generation rate profiles visualize the effect of increased 

AVT on the charge carrier generation under 1 sun AM1.5 illumination. First, the expected 

reduction of the exciton generation rate in the visible range with increased transparency is 

apparent. Second, the effects of the reflective Ag back electrode can be seen. To be able to 



 

 136 

compare the resulting generation rates, we show the spatially dependent charge generation rate 

G(x), that is calculated as ∫ 𝐺(𝑥,  𝜆) 𝑑𝜆
𝜆′

𝜆
= 𝐺(𝑥), in Figure 5.2c. This plot demonstrates that the 

strongly reduced backside reflection, caused by the close match of the refractive indices of the 

active layer and ITO, leads to a reduction of G(x) (maximum from 2.3·1022 cm-3 s-1 to 2 ·1022 cm-

3 s-1) and a shift of its maximum to the side of illumination when replacing Ag with ITO without 

changing the active layer. The reduction of the absorption in the active layer reduces G(x) further 

by approximately one order of magnitude (maximum at 0.3 ·1022 cm-3 s-1 for the k 0 device). The 

impact of the changes in the spatially and wavelength-dependent photo-generation rates on the 

photoelectronic processes in organic solar cells will be discussed in the remaining text. 

5.2.3 Impact of the AVT on the Voc and the Charge Recombination 

Dynamics 

First, we consider the impact of the changes in the charge generation on the open circuit-

voltage and the charge recombination dynamics of the solar cell. Total charge recombination 

losses in organic BHJ solar cells are caused by geminate and non-geminate recombination 

processes.[95,137,200] Geminate recombination annihilates electrons and holes that originate from the 

same photoexcitation before splitting into free charge carriers, and the latter describes the 

recombination of free electrons and holes. Non-geminate recombination can be subdivided into 

bimolecular recombination (electron and hole recombine from band to band) and trap-assisted 

recombination, in which trap states within the band gap facilitate the recombination 

process.[198,200,237]  These trap states can be further divided into bulk traps and surface traps, causing 

bulk trap-assisted and surface trap-assisted recombination, respectively.[136,137,295] 
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Table 5.1. Device parameters, based on the study of the reported PM6:Y6 system, used as 
input for calculation of the Voc. 

parameter Value 

Dielectric constant ε 3 

Band gap Eg 1.0 eV 

Effective density of States Nc 2.5 · 1019 cm-3 

Density of surface traps Nt.surf 1012 cm-2 

Density of bulk traps Nt,bulk 1016 cm-3 

Geminate recombination prefactor Pg 0.95 

Temperature T 298 K 

Effective mobility μeff 5 · 10-5 cm2/Vs 

Built-in voltage Vbi 0.9 V 

Langevin prefactor for bimolecular recombination χ 0.005 

 

The device parameters used in this simulation, based on the study of the reported PM6:Y6 

system, are summarized in Table 5.1.[215] For the trap densities, typically observed values reported 

in the literature are chosen, and the value of Nc is used as described by Koster et. al.[159] These 

parameters are kept constant for all studied systems unless stated otherwise so that the observed 

changes are only caused by the change in the transparency. The Langevin prefactor χ, the 

dielectric constant ε and the effective mobility μeff define the bimolecular recombination 

coefficient kbm according to Equation 5.1.[137] The density of bulk traps Nt, which facilitates trap-

assisted recombination, allows for calculating the bulk trap-assisted recombination coefficient 

kbulk, as shown in Equation 5.2. The recombination coefficient ksurf for surface trap-assisted 

recombination depends on the density of surface traps Nt,surf , the built-in field Vbi and the open-

circuit voltage (Voc). The Voc can be calculated using Equation 5.4, in which the expression 

𝑃𝑔 𝐼/𝐼0 ∬ 𝐺(𝑥, 𝜆)𝑑𝑥 𝑑𝜆 describes the photogeneration rate of free charge carriers.[137] Here, 𝑃𝑔 is 

a prefactor that describes the reduction of the number of generated charge carriers due to 
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geminate recombination losses, I is the light intensity and I0 the light intensity at 1 sun. The 

calculated Voc at T=298 K is shown in Figure 5.3a.  

𝑘𝑏𝑚 =
2 𝑞 𝜇𝑒𝑓𝑓 𝜉

𝜀𝜀0 
      (5.1) 

𝑘𝑏𝑢𝑙𝑘 =
𝑞 𝜇𝑒𝑓𝑓𝑁𝑏𝑢𝑙𝑘

𝜀𝜀0
      (5.2) 

𝑘𝑠𝑓 =
𝑞 𝜇𝑒𝑓𝑓𝑁𝑠𝑓   

𝐿 𝜀𝜀0
𝑒−𝑞

𝑉𝑏𝑖−𝑉𝑜𝑐
𝑘𝑇      (5.3) 

𝑉oc = 𝐸𝑔 −
2𝑘𝑇

𝑞
⋅ ln (

2𝑘𝑏𝑚𝑁𝐶

√(𝑘bulk+𝑘sf)2+4𝑘bm𝑃g 𝐼/𝐼0 ∬ 𝐺(𝑥,𝜆)𝑑𝑥 𝑑𝜆−𝑘b −𝑘sf

)  (5.4) 
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Figure 5.3. a) Voc of the different devices studied. b) Light-intensity dependence of the 
Voc for the devices with different AVT. c) The slope of the linear regression of the Voc as 
a function of the natural logarithm of the light intensity. 
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The model device systems show a change in Voc from 0.85 V (Ag Electrode, k 1) to 0.79 V 

(transparent ITO electrode with transparent active layer k 0) under 1 sun AM 1.5. As expected 

from the generation rates, the absence of the backside reflection from the Ag electrode alone 

leads to a reduction of the Voc (0.83 V) and the further decrease is due to the reduced absorption 

of the active layer (k 1 to k 0). Next, the calculation of the Voc was repeated to study the 

dependence on the illumination intensity. The change of Voc with the illumination intensity I is a 

commonly used indicator of the dominant recombination mechanism.[159,295,300] In the case of pure 

bimolecular recombination, a slope of unity in the units of kT/q is expected, whereas a slope 

larger than unity is anticipated due to bulk trap-assisted recombination and a slope below unity 

due to surface trap-assisted recombination.[137,159,301] Figure 5.3b shows the Voc in dependence on 

the light intensity. The slope of the linear regression is depicted in Figure 5.3c. An apparent 

increase of the slope S is observed with increased AVT, from S = 1.27 for the opaque device with 

Ag electrode to S = 1.39 for the device with ITO electrode and the same active layer k 1. The 

slope further increases to 1.41, 1.46, 1.55, and 1.75 upon modification of the active layer from k 

0.75 to k 0, indicating an increased relative contribution of recombination via traps in the bulk of 

the active layer. 

To quantify this observation, we calculate the recombination rates ri of all three 

recombination channels, according to Equations 5.5 to 5.7 and their relative contribution to the 

total recombination rate 𝑟 = 𝑟𝑏𝑚 + 𝑟𝑏𝑢𝑙𝑘 + 𝑟𝑠𝑓.[137] 

𝑟𝑏𝑚 = 𝑘𝑏𝑚𝑛𝑜𝑐
2       (5.5) 

𝑟𝑏𝑢𝑙𝑘 = 𝑘𝑏𝑢𝑙𝑘𝑛𝑜𝑐      (5.6) 

𝑟𝑠𝑢𝑟𝑓(V) = 𝑘𝑠𝑓(𝑉) 𝑛𝑜𝑐     (5.7) 
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Figure 5.4a shows the resulting charge recombination rates for the different devices. The 

relative contribution of bimolecular, surface trap-assisted and bulk trap-assisted recombination is 

shown in Figure 5.4b. The indicated increase in the relative contribution of bulk trap-assisted 

recombination becomes evident. In the opaque device with Ag electrode, surface trap-assisted 

(38%) and bimolecular recombination (36%) dominate slightly over bulk trap-assisted 

recombination (26%) due to the large Voc (see Equation 5.3 for ksurf) and due to the high 

concentration of photogenerated charge carriers (see Equations 5.5 for rbm). The change of the 

electrode to transparent ITO leads to a slight increase in the relative contribution of bulk trap-

assisted recombination to 33% and a decrease of surface trap-assisted recombination, resulting in 

balanced contributions of all recombination channels. This increasingly dominant bulk-trap 

contribution continues when the active layer becomes more transparent, increasing to 35%, 38%, 

44% and finally 65% for the active layers with k 0.75, k 0.5, k 0.25 and k 0, respectively. The 

relative contributions of surface and bimolecular recombination thus are reduced, with the more 

substantial reduction observed for surface trap-assisted recombination (9% for k 0) and a 

moderate decrease for bimolecular recombination (to 27% for k 0).  
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Figure 5.4. Quantitative analysis of the recombination processes in the solar cell under 
open-circuit conditions. a) The recombination rates for bimolecular recombination, bulk 
trap-assisted and surface trap-assisted recombination and their sum for the different 
devices. b) The relative contribution of bimolecular, bulk trap-assisted and surface trap-
assisted recombination rates to the devices’ total recombination rate with different AVT. 
c) Normalized Voc versus bulk trap concentration Nt. 
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Knowing that the contribution of bulk trap-assisted recombination is of increased 

importance for transparent devices, we now shift our focus entirely to the impact of bulk traps. 

We calculated the change in the Voc versus the bulk trap concentration Nt for the opaque device 

with the Ag electrode, the opaque active layer k 1 with the ITO electrode and the device k 0 with 

the highest AVT. We have previously discussed the absolute change of the Voc with increased 

transparency; to compare the impact of bulk traps on the different values of Voc, we normalized 

the Voc to the values obtained at low bulk trap concentration (Nt = 1013 cm-3) for each device. 

The change of this normalized Voc with Nt is shown in Figure 5.4c. In all three devices, the Voc 

starts to drop noticeably at Nt larger than 1015 cm-3. The sole replacement of the Ag electrode 

with ITO in combination with the same active layer k 1 leads to a slightly larger drop of the Voc. 

As expected, based on Figure 5.4b, the additional replacement of the active layer with the highly 

transparent k 0 blend leads to the most extreme decrease of the Voc: For a bulk trap concentration 

of 1018 cm-3 (a value at the top of the typically observed range), the Voc decreases by 34% 

compared to the value obtained at Nt = 1013 cm-3 in the case of Ag 1 device. Figure 5.4c shows a 

higher decrease of 36% for the k 1 device with the ITO electrode and an even more dramatic 

reduction of 44% for the k 0 device. From these results, we infer that the quality of the trap-free 

active layer blend is of higher importance for (semi)transparent OPVs than for the traditionally 

opaque devices. Material blends with low bulk trap concentration are necessary to achieve 

efficient OPVs with high AVT. In contrast, the concentration of surface traps arising at the 

contact interface (MoO3 or ZnO2) is less crucial for OPVs with higher transparency due to the 

exponential decrease of the surface recombination coefficient ksurf with the decline in of the Voc 

that accompanies the increase of the AVT. Therefore, there are less strict requirements for the 

quality of the active layer/transparent electrode interfaces when developing ST-OPVs in 

comparison to their opaque counterparts. Traps at the interface can arise in the fabrication 
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process due to a variety of reasons. Parameters of influence include the processing and annealing 

conditions and the resulting morphologies of both layers, the roughness and homogeneity of the 

interface, the layers' composition and the resulting changes in surface energy.[216,302,303] 

5.2.4 Impact of the AVT on the Jsc and the Charge Extraction Efficiency 

Having established the understanding of how increased AVT influences the Voc and the 

multi-channel non-geminate recombination dynamics, we will now shift the focus to the short-

circuit current (Jsc) and the influence of the altered charge generation on the charge extraction 

probability. The short-circuit current with neglect of series resistance effects Jsc,Rs=0 corresponds 

to the photocurrent (Jph) in the standard solar cell model, described by the equivalent circuit in 

Figure S5.1. Jsc,Rs=0 can be calculated based on the charge generation rate G(x, λ), the spatially 

dependent extraction probability η(x) and the geminate recombination prefactor Pg as described 

by Equation 5.8, with Pg ranging from 0 (all charge carriers recombine geminately) to 1 (no 

geminate losses). The spatially dependent extraction probability η(x), with x being the position in 

the active layer (x = 0 position at the interface of the active layer and the front electrode), is 

formulated by the Hecht equation (Equation 5.9a to 5.9c) as the sum of the extraction efficiencies 

ηn and ηp for electrons and holes.[254,273] Both depend on the carrier mean free path w and the 

thickness of the active layer L. The mean free path can be obtained from Equation 5.10, and the 

lifetime τ can be obtained from the previously derived recombination coefficients (Equation 

5.11). We note that the charge carrier density nJsc used here is the charge carrier density under 

short-circuit conditions. Due to the weak internal electric field and large injection at Voc, the 

charge carrier density at Voc is higher than that under short-circuit conditions. To account for 

this, we use the experimentally determined ratio of noc/ nJsc from the published work on the 

PM6:Y6 system, which is 11.64.[215] 
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𝐽sc,Rs=0 = 𝑞 ⋅ 𝑃𝑔 ∫ ∫ 𝐺(𝑥,  𝜆)
𝐿

0
𝜂(𝑥) 𝑑𝑥 𝑑𝜆

1090 𝑛𝑚

300 𝑛𝑚
     (5.8) 

𝜂(𝑥) = 𝜂𝑛(𝑥) + 𝜂𝑝(𝑥)      (5.9a) 

𝜂𝑛(𝑥) =  
𝑤

𝐿
 [1 − exp (

−𝐿−𝑥

𝑤
)]    (5.9b) 

𝜂𝑝 (𝑥) =  
𝑤

𝐿
 [1 − exp (

−𝑥

𝑤
)]    (5.9c) 

𝑤 =
𝜇 𝜏 𝑉bi

𝐿
       (5.10) 

𝜏 =
1

𝑘sf+𝑘bulk+𝑘bm𝑛Jsc
     (5.11) 

Figure 5.5a shows the decrease of the Jsc,Rs=0 with increased AVT. A drop is expected due 

to the decreased absorption of photons and the reduced charge carrier generation shown in Figure 

5.2c. It is not evident though, which role the different shapes of the spatial generation rates in 

conjunction with altered recombination dynamics and charge carrier densities play in the value of 

Jsc,Rs=0. To answer this question, we first calculate the short-circuit current Jsc.theo that is predicted 

by simulation, assuming no geminate recombination nor extraction losses occur, as described in 

Equation 5.12. 

𝐽sc,theo=0 = 𝑞 ⋅ ∫ ∫ 𝐺(𝑥,  𝜆)
𝐿

0
 𝑑𝑥 𝑑𝜆

1090 𝑛𝑚

300 𝑛𝑚
  (5.12) 
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Figure 5.5. a) Short-circuit current Jsc of the devices with different AVT, assuming no 

series resistance Rs. b) Extraction efficiency ηex of the studied devices. c) Jsc, normalized to 
Jsc,Rs=0 in dependence on series resistance. 
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It follows that the product of Jsc.theo and Pg is the maximum current that would be extracted 

if all free charge carriers reached the electrodes. Therefore, it is possible to calculate the extraction 

efficiency ηex as the ratio of the extracted Jsc,Rs=0 to the product of Jsc.theo and Pg. Figure 5.5b shows 

the resulting extraction efficiencies ηex = Jsc,Rs=0/( Pg·Jsc.theo). The opaque Ag 1 device has an 

extraction efficiency of 0.61, which increases when the Ag electrode is replaced with ITO to 0.66. 

This can be explained by the increase of the mean free path w (Equation 5.10) in a more 

transparent device. The altered recombination dynamics and the reduced recombination 

coefficients (discussed in 2.3) lead to an increased recombination lifetime τ. Since w is 

proportional to the charge carrier lifetime, this further leads to an increase in the mean free path, 

which results in higher extraction efficiencies of 0.67, 0.70, 0.72, and 0.77 for k 0.75, k 0.5, k 0.25, 

and k 0, respectively. Therefore, we conclude that the extraction efficiency increases with the 

AVT, to some extent counteracting the decrease of the Jsc that is expected from the decreased 

generation rates.  

Having established the relationship of the Jsc with transparency in neglect of series 

resistance effects, we now consider the influence of Rs for the devices with different AVT. We 

calculate the Jsc in relation to Rs according to Equation 5.13 with the J0 as the dark current with a 

value of 2.14·10-9 mA/cm2 and the ideality factor n as 1.53, which has been experimentally 

measured for the reported PM6:Y6 solar cell.[215,304] The relationship is displayed in Figure 5.5c. 

𝐽sc = 𝐽𝑠𝑐,𝑅𝑠=0 − [𝐽0 ⋅ exp (
𝑞 𝐽𝑠𝑐 𝑅𝑠

𝑛 𝑘 𝑇
)]   (5.13) 

The opaque Ag 1 device’s Jsc is significantly impacted by the series resistance above Rs 

values larger than approximately 50 Ω cm2. From an experimental point of view, we note that 

this is a value larger than typically achieved for most devices with optimized contacts. Greater 

transparency increases the threshold value for Rs to about 70 Ω cm2, 80 Ω cm2, and 90 Ω cm2 for 
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the devices with ITO electrode and k 1, k 0.75 and k 0.5 active layer. The devices with the highest 

AVTs, k 0.25 and k 0, are not noticeably affected by series resistance effects within the range of 

Rs up to 100 Ω cm2. This yields the conclusion that for ST-OPVs the choice of ohmic contacts 

with low series resistance is less important than for conventional opaque OPVs. This may 

facilitate the application of single-layer graphene electrodes with relatively high sheet resistance 

and very high transmittance in the whole spectral range.[305–307] 

5.2.5 Impact of the Shunt Resistance in Devices with different AVT 

Finally, after having reviewed the influence of the series resistance on the Jsc, we 

investigate the impact of the shunt resistance on the Voc. Shunt leakage represents an additional 

channel of loss of photogenerated charge carriers in the solar cell before they can be extracted to 

the external electric circuit.[300,308] A high Rsh is therefore desired for optimal performance. The 

relationship of the Voc and Rsh is calculated from Equation 5.14 (derivation can be found in SI) 

and the resulting curves of the normalized Voc versus decreasing Rsh are shown in Figure 5.6.  

𝑉oc =
𝑛𝑘𝑇

𝑞
⋅ ln (

𝐽𝑠𝑐,𝑅𝑠=0−𝑉oc 𝑅sh⁄

𝐽0
)    (5.14) 
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Figure 5.6. Normalized Voc in dependence on the shunt resistance Rsh. 

The more robust a device is towards shunt leakage, the more the Rsh would have to be 

reduced to observe a drop in the Voc. For devices with high AVT, this drop occurs at higher 

shunt resistance, as can be seen clearly from the trend in Figure 5.6. The device with k 0 active 

layer’s Voc decreases to 90% of its maximum value (large Rsh) at Rsh = 347 Ω cm2. In contrast, Rsh 

has to be reduced down to 59 Ω cm2 for the opaque device k 1 Ag to observe a drop of the same 

magnitude, demonstrating that devices with high AVT are more sensitive to the shunt leakage. 

Shunt leakage is caused by leakage pathways that arise from the active layer's structural defects, 

allowing current to flow directly from one electrode to another.[309–311] Therefore, special attention 

should be paid to avoid structural defects in the active layer in the fabrication of (semi)transparent 

OPVs to avoid low Rsh and the resulting device limitations. 

5.3 Conclusion  

We have demonstrated changes in ST-OPVs that are concomitant with increased 

transparency. Reduced generation rates and altered generation rate profiles lead to a reduced Voc 
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and an increased relative bulk trap-assisted recombination contribution, indicating that high-

purity and morphologically optimized active layers with low trap density are required. Transparent 

devices are more sensitive to shunt-leakage reinforces the requirement of a high-quality active 

layer. The effect of surface recombination at the active layer interfaces becomes less pronounced 

for systems with higher AVT and limitations due to high series resistance decrease, suggesting 

that a broader range of materials and deposition techniques can be considered for transparent 

electrodes. Furthermore, we discussed the reduction of the short-circuit current, and we have 

shown that the extraction efficiency increases with the AVT, counteracting to a small extent the 

decreased generation. 

5.4 Supplementary Information for Chapter 5 

 

Figure S5.1. Device architectures of the solar cells studied by simulation in this work, 
related to Figure 5.1. 
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Figure S5.2. Circuit diagram of a solar cell, that was considered for the derivation of 
mathematical expressions used in this work.[312,313] Related to Equations 5.13 and 5.14. 

Mathematical description according to the equivalent circuit in S2. Related to Equations 5.13 and 

5.14. 

𝐽 = 𝐽0  [exp (
𝑞( 𝑉+𝐽 𝑅s)

𝑛 𝑘 𝑇
) − 1] +

𝑉+𝐽 𝑅s

𝑅sh
− 𝐽ph  (S5.1) 

Thus, at V = 0: 

𝐽𝑠𝑐 = 𝐽0  [exp (
𝑞 𝐽 𝑅s)

𝑛 𝑘 𝑇
) − 1] +

𝐽 𝑅𝑠

𝑅𝑠ℎ
− 𝐽ph   (S5.2) 

Assuming Rs ≪ Rsh : 

𝐽𝑠𝑐 = 𝐽0  [exp (
𝑞 𝐽 𝑅s

𝑛 𝑘 𝑇
) − 1] − 𝐽ph    (S5.3) 

For 𝑒𝑥𝑝 (
𝑞 𝐽 𝑅s

𝑛 𝑘 𝑇
) ≫1: 

𝐽𝑠𝑐 = 𝐽0  [exp (
𝑞 𝐽 𝑅s

𝑛 𝑘 𝑇
)] − 𝐽ph    (S5.4) 

At J = 0: 
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𝐽𝑝ℎ = 𝐽0  [exp (
𝑞 𝑉oc

𝑛 𝑘 𝑇
) − 1] +

𝑉oc

𝑅sh
    (S5.5) 

𝑉𝑜𝑐 =
𝑛𝑘𝑇 

𝑞
 ln (

𝐽ph−
𝑉oc
𝑅sh

𝐽0
+ 1)     (S5.6) 

For 
𝐽ph−

𝑉oc
𝑅sh

𝐽0
 ≫1: 

𝑉oc =
𝑛𝑘𝑇

𝑞
⋅ ln (

𝐽ph−
𝑉oc
𝑅sh

𝐽0
)     (S5.7) 
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Chapter 6: Understanding Interfacial 

Recombination Processes in Narrow Band Gap 

Organic Solar Cells 

6.1 Introduction 

Organic photovoltaics (OPVs) have emerged as a viable sustainable energy harvesting 

technology. The inherent properties of the photoactive carbon-based donor:acceptor blends 

(active layers) allow for energy-efficient and cost-effective solution processing and promise a vast 

range of integrated energy-harvesting applications.[53,67,170,290,314] In contrast to their inorganic 

counterparts, OPVs are lightweight, flexible, and optically tunable.[170,275,285,287,315,316] As a result, 

OPVs can be integrated into windows or greenhouses to increase the energy efficiency of new or 

existing structures.[52,53,67,69] 

In comparison to other emerging technologies, such as perovskite solar cells, OPVs used to 

lack behind. However, with the development of efficient donor polymers, such as PM6 or D18, 

and the replacement of fullerene-based acceptors with a new generation of non-fullerene 

acceptors (NFAs), the picture has changed dramatically.[106,167,169,317] The molecular structures of 

the state-of-the-art NFAs have been fine-tuned to reach ever-increasing performances, now 

approaching the 20% power conversion efficiency (PCE) benchmark.[165,214,215,263,318] 

With this ongoing improvement of the donor and acceptor materials, understanding the device 

physics is crucial for the further development of OPVs. Most high-performance OPVs utilize an 

interfacial layer between the active layer and the electrodes. However, to date, most of the charge 

recombination studies in the OPV field focus on either only pure bimolecular recombination, or, 

in some cases bimolecular and bulk trap-assisted recombination. The impacts of interfacial 

recombination are rarely addressed.  
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Besides the development of high-performance materials, another major trend in the field of 

OPVs is the band gap-narrowing of donors and acceptors for (semi) transparent OPVs.[101,275,319–

324] These systems exhibit lower open-circuit voltages (Voc), resulting in a less pronounced 

contribution of interfacial recombination, due to the relationship 𝑘𝑠𝑓 ∝ 𝑒𝑉𝑜𝑐−𝑉𝑏𝑖  , with ksf being 

the coefficient for surface recombination and Vbi the build-in field, and due to an increased 

relative contribution of bulk-trap assisted recombination, as recently derived in the context of the 

multi-channel recombination model.[325] However, even in these systems the nature of the active 

layer–electrode interface plays a significant role as we show in this work. 

In this contribution, we chose to combine the most studied donor polymer PCE10 (poly[4,8-

bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-

fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)]) with the narrowest band gap (Eg = 1.10 

eV) NFA COTIC-4F (2,2'-((2Z,2'Z)-(((4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-

b']dithiophene-2,6-diyl)bis(4-(heptan-3-yloxy)thiophene-5,2-diyl))bis-(methanylylidene))bis(5,6-

difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile), which serves as a model 

system for future narrow band gap semitransparent OPVs and near infrared (NIR) sensing 

organic photodetectors (OPDs).[275,326,327]  

We investigate the effect of the electrode interface for this blend system by comparing four 

devices, two in inverted and two in conventional architecture, that have the same active layer 

thickness (105 nm) but with four different front electrodes, namely ZnO, ZnO functionalized 

with PFN-Br, PEDOT:PSS and CPE-K. ZnO is commonly used for inverted devices, thanks to 

its low work function, high stability, transparency, and charge mobility as well as its simplicity of 

fabrication.[303] PFN-Br has been mentioned in the literature to improve PCEs by increasing the 

extraction efficiency,[328,329] however, in this work, we focus mainly on using PFN-Br to 

functionalize ZnO and its effect on surface recombination. PFN-Br has been used to modify the 
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work function of ZnO to tune the energy level alignment of the cathode layer.[328–330] Most 

conventional devices employ PEDOT:PSS, however, the acidity of the material has some 

drawbacks, as it can lead to lower stability.[328,331] A pH-neutral alternative is the self-doped 

conjugated poly-electrolyte CPE-K, which can be used to replace PEDOT:PSS in OPVs.[332,333] 

CPE-K has been shown to improve the stability of perovskite solar cells.[331,334]  

6.2 Results and Discussion 

The chemical structures and the energy levels of the donor, acceptor, CPE-K, and PFN-Br 

are shown in Figure 6.1a, and the material’s energy levels as reported in the literature and 

previous works.[91,215,275,329,331] The device structures are shown in Figure 6.1c. 

 

Figure 6.1. a) Chemical structures of the NFA COTIC-4F and the donor polymer PCE10 
as well as these of CPE-K and PFN-Br. b) Energy diagram of materials used in inverted 
(left) and conventional (right) structure. c) Schematic representation of the studied devices. 

We systematically address the impact of the various electrodes on charge generation, charge 

recombination, and charge extraction in these devices, with a focus on interfacial recombination. 

A comprehensive analysis is necessary because the changes that arise when introducing a new 
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electrode material are interconnected. For example, changes in the generation rates may influence 

recombination and extraction processes due to altered charge carrier densities, or, the 

morphology of the active layer may be altered due to spin-coating onto a different electrode 

material, leading to various possible changes in recombination and extraction.[335] Thus, it is only 

possible to gauge the impact of the interfacial processes after having elucidated how much other 

performance-governing aspects change depending on the device architecture.  

It is worth noting, that both the electrode:active layer interface and the active layer:back 

electrode interface can play a role. However, it is not possible to make a device with only one 

interface. Therefore, we keep the back electrode constant for the inverted devices (MoOx/Ag) 

and for the conventional devices (Ba/Al) to draw conclusions about the effects of the front 

electrode materials on the device performance. The front electrode is expected to have a bigger 

impact on the overall device performance for two reasons: First, the active layer is deposited on 

the front electrode, therefore the material choice can impact the film formation and the active 

layer morphology. Second, the OPV cells are illuminated with the light entering the device from 

the front electrode:active layer side, typically causing much higher charge generation rates at this 

interface than at the back electrode, therefore the surface recombination rates at this interface are 

of more relevance for the net recombination in the device. 

In the first step, we obtained the surface topography of the bottom electrode materials with 

Atomic Force Microscopy, AFM, (Figure S6.1). The ZnO electrode reveals typical round 

nanoparticle features with homogeneous size distribution and a Roughness Mean Square (RMS) 

of 1.68 nm. These features remain detectable after the deposition of a thin PFN-Br layer on top, 

but the roughness of the ZnO+PFN-Br film is reduced and a very smooth film with an RMS of 

0.71 nm is obtained. In contrast, PEDOT:PSS and CPE-K lead to films with moderately RMS 

values of 1.47 nm and 1.46 nm, respectively. 
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Next, we measured the current-voltage characteristics and external quantum efficiency (EQE) 

spectra of the four device types (Figure 6.2a and 6.2b). The device parameters are summarized 

in Table 6.1. 

 

Figure 6.2. a) Current-voltage characteristics of representative devices with four different 
electrode configurations, measured at 1 sun illumination. b) External quantum efficiency 
spectra of the same devices. 

Table 6.1. Photoelectrical parameters of the fabricated devices and their standard 
deviations. 

PCE10:COTIC-4F, bottom 
electrode: 

Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

ZnO -20.9 ± 0.2 0.57 ± 0.01 55.2 ± 0.8 6.55 ± 0.18 

ZnO+PFN-Br -19.7 ± 0.5 0.57 ± 0.01 53.3 ± 3.3 5.98 ± 0.50 

PEDOT:PSS -17.9 ± 0.5 0.56 ± 0.01 56.1 ± 2.0 5.62 ± 0.26 

CPE-K -16.1 ± 1.1 0.52 ± 0.01 54.5 ± 0.7 4.56 ± 0.15 

 

The inverted devices that are based on ZnO show the highest power conversion efficiency 

(PCE) of 6.55% owing to a high short-circuit current (Jsc) of -20.9 mA/cm2, a Voc of 0.57 V, and 

a fill factor (FF) of 55.2%. Devices that additionally have an organic PFN-Br layer on top of the 

ZnO, showed an unaltered Voc, but a slightly reduced Jsc (-19.7 mA/cm2) and FF (53.3%), 

decreasing the average PCE to 5.98%. The 0.57% PCE decrease is attributed to a less favorable 
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energy alignment of ZnO+PFN-Br with the LUMO of the NFA COTIC-4F. As seen in Figure 

6.1b, a small energy barrier for electron collection is expected to reduce the driving force for 

charge extraction. Further, Table S6.1 reveals that the functionalized devices exhibit slightly 

higher series resistance (2.81 ± 0.18 Ω cm2) than those that use only ZnO (1.92 ± 0.28 Ω cm2), 

contributing to the slightly lower PCE by reducing the Jsc and the FF.  

A significant drop in the Jsc
 is observed when employing a conventional device architecture. 

The devices with PEDOT:PSS yield a Jsc of -17.9 mA/cm2 and a slightly lower Voc of 0.56 V, 

resulting in a PCE of 5.62%. When replacing PEDOT:PSS with CPE-K, a further reduction in 

the Voc (0.52 V) and a small decrease in the Jsc to -16.1 mA/cm2 leads to PCEs of 4.56%. The 

decrease in the Voc is expected, based on the higher HOMO level of CPE-K (-4.9 eV) compared 

to PEDOT:PSS (-5.2 eV), since the work function difference of the contacts determines the Voc 

in the case of non-ohmic contacts.[336] The values of the FF are comparable to those observed for 

inverted ZnO-based devices with 56.1 ± 2.0% and 54.5 ± 0.7%, respectively. 

The clear trend in the Jsc values is also reflected in the EQE spectra (Figure 6.2b) in the range 

from 500 nm to 1000 nm. In the wavelength region below 500 nm, however, distinct features are 

visible that can be traced back to the different optical properties of the electrode materials.[97] In 

the inverted structure, the EQE is reduced in this region due to the strong absorption of ZnO 

(< 380 nm) and MoOx (< 500 nm). In addition, MoOx decreases the reflection from the Ag back 

electrode, leading to lower EQE in this region as well.[335] 

The interfacial effects that arise from the electrodes can impact the Voc by causing voltage 

losses due to energetic disorder in the active layer.[218] As an approximation of the degree of 

energetic disorder in the devices, the Urbach energy can be extracted from the tail of the EQE 

spectra at high wavelengths by fitting to the following relationship:  



 

 159 

𝐸U(𝐸) = [
d ln(EQE)

d𝐸
]

−1

     (6.1) 

where E is the photon energy and EU is the Urbach energy.[141,142] The Urbach energy is often 

interpreted as the width of the band tail due to localized energy states in the device. Figure S6.2 

shows the fits to Equation 6.1 for each device type. The inverted devices have smaller values of 

EU: 35.8 meV for devices with ZnO and 34.2 meV for those with ZnO+PFN-Br, indicating less 

disorder than in the conventional structures (EU = 42.7 meV for devices with PEDOT:PSS and 

42.6 meV for devices with CPE-K). These values provide further explanation for the decreased 

Voc values for the conventional devices with PEDOT:PSS and CPE-K.  

The wavelength region beyond 500 nm in the EQE spectra reflects the performance trend of 

the studied devices (ZnO > ZnO+PFN-Br > PEDOT:PSS > CPE-K). To understand the origin 

of this trend we move on to investigate the charge generation, recombination, and extraction of 

charge carriers within each device structure. First, we address charge generation in the active layer 

based on the choice of the front electrode and its impact on the performance by employing optical 

transfer matrix simulations.[130,162] The optical constants of all layers are known from literature and 

our previous work, except those of CPE-K which were determined in this work (Figure S6.3).[97] 
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Figure 6.3. a – d) Generation rates G(x, λ) for the devices with different front electrodes, 
depending on wavelength and position in the active layer, for AM 1.5 illumination. e) 
Spatially dependent generation rate G(x) and the resulting EQEideal for the four device 
configurations with varied bottom electrodes. 

Figure 6.3a–d shows the spatial and wavelength-dependent generation rates G(x, λ), 

simulated based on the optical properties of each device stack, taking into account reflection at 

each interface, the absorption in each layer, and the optical interference in the device stack. For 
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a better comparison, we integrated G(x, λ) over the wavelengths to obtain G(x), shown in Figure 

6.3e, which depends only on the position in the active layer. The inverted devices show very 

similar behavior, whereas when using PEDOT:PSS, the generation of charge carriers is higher 

close to the front electrode:active layer interface (x=0), but decays faster, leading to lower 

generation rates at depths > 40 nm. With CPE-K, G(x) is lower than in all other cases, while 

following a similar decay as in the inverted structures. To understand the effect of the altered 

generation rates on the measured device performance, we further calculated the EQEideal, which 

would be obtained if no recombination or extraction losses occurred in the device.[97] From Figure 

6.3f, it is evident that generation plays a significant role in governing the measured EQE (or Jsc) 

since a clear EQE reduction is observed for PEDOT:PSS and CPE-K based devices in 

comparison with ZnO based devices. Thus, the reduced generation rates explain the 

experimentally observed lower EQEs and Jsc values in the devices using PEDOT:PSS and CPE-

K as bottom electrodes. In contrast, the functionalization of ZnO with PFN-Br has a negligible 

effect on the generation in the active layer as seen in Figure 6.3f as well, contrasting the 

experimentally observed reduction of the EQE, and thus highlighting the importance of series 

resistance and energy barrier effects that were discussed earlier in governing the measured EQE. 

In the next step, we investigate the charge carrier recombination and extraction dynamics. 

First, we investigate the dependence of the Voc on light intensity (Voc vs. ln[𝐼]), and slopes of 

representative devices are shown in Figure 6.4a, which is commonly used to qualitatively infer 

the dominant recombination mechanism in the organic solar cells.[99,100,159] In the case of pure or 

strongly dominant bimolecular recombination, a slope of kT/q is expected, with q being the 

elementary charge, T the temperature, and k the Boltzmann constant. In the presence of bulk 

traps in the active layer, which facilitate trap-assisted recombination, an increase in the slope can 

be observed, reaching its maximum at 2 kT/q in the case of dominant trap-assisted 
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recombination, according to Shockley-Read-Hall statistics.[112,159,198] Interfacial traps, in contrast, 

lower the slope, and values below kT/q can be obtained.[99,137] The devices with ZnO and 

ZnO+PFN-Br bottom electrodes exhibit similar slopes of 1.07 and 1.06 kT/q, respectively, 

indicating the presence of some trap-assisted recombination. In contrast, slopes below kT/q are 

obtained for the conventional structures, indicating a significant relative contribution of surface 

traps.[99,137] When using PEDOT:PSS, a lower slope of 0.94 kT/q is found, than for CPE-K 

electrodes with a slope approaching unity. 

 

Figure 6.4. a) Dependence of the Voc on the logarithm of the light intensity. b) 
Photocurrent in dependence on the effective voltage Veff. 

To get some first insights into extraction processes, we show the dependence of the 

photocurrent Jph, calculated as the difference between light and dark JV-curves, Jl − Jd, on the 

effective voltage, Veff. Veff is calculated as Veff = V0 − Vcorr, where V0 is the voltage at which the 

photocurrent is equal to zero and Vcorr is the applied bias corrected for series resistance effects 

(V − JRs). Figure 6.4b reveals that the saturation regime occurs around the same voltage for all 

systems, indicating comparable rates of extraction. 

To make quantitative statements about both recombination and extraction, we employ 

capacitance spectroscopy, following the approach by Brus and Vollbrecht, as outlined in our 
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previous works.[136,137] The fits are shown in Figure S6.4. Figure 6.5a shows the obtained 

dimensionless Langevin reduction factors, ξ, as the measure for bimolecular recombination. The 

choice of the front electrode does not change the bimolecular recombination in the active layer 

for the studied systems. All values are low compared to other NFA blends and fall within the 

narrow range of 0.028 − 0.036, and can be considered the same within the error.[170] This indicates 

that the morphology of the active layer is comparable within all four devices structures since 

changes in the morphology would typically be reflected in the bimolecular recombination 

rate.[337,338] Our surface topography images of the active layers on the different front electrodes 

support this assumption and no visible changes are evident from the AFM topographic images 

that were taken in contact mode, shown in Figures S5 and S6, with each film showing similar 

features and very similar root-mean-square (RMS) roughness values between 1.1 - 1.3 nm. Figure 

S6.5 and Figure S6.6 also show the photocurrent obtained at -0.5 V and +0.5V sample bias 

applied to the devices, revealing similar bright-colored donor-rich and dark-colored acceptor rich 

features. A more in-depth discussion of the pc-AFM scans can be found in the SI. 

Figure 6.5b reveals that the densities of bulk traps, Nt, also fall into a narrow range, with values 

of 2.4 × 1015 cm-3, 2.3 × 1015 cm-3, 1.8 × 1015 cm-3, and 1.7 × 1015 cm-3 for devices with ZnO, 

ZnO+PFN-Br, PEDOT:PSS, and CPE-K, respectively. Considering that only the electrodes 

have been changed, it is not surprising that only minor changes in the bulk properties are 

observed. The more interesting aspect is the interfacial recombination at the electrode/active 

layer interface. Figure 6.5b reveals that the interfacial properties change drastically depending on 

the choice of the electrode. Surface trap densities for ZnO are low at 1.6 × 1011 cm-2, indicating 

a minor role in the overall recombination rate. However, we attempted to reduce the interfacial 

recombination in the inverted structure further by functionalization with PFN-Br. In this case, 

only a negligible reduction of the surface traps is observed, with the density decreasing to 1.4 × 
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1011 cm-2. In contrast, when employing PEDOT:PSS as the electrode layer, we observe a steep 

increase of surface traps of about one order of magnitude to 1.4 × 1012 cm-2. As a mitigation 

strategy, we replaced PEDOT:PSS with CPE-K. In fact, the surface recombination is successfully 

reduced by almost 70% to 4.5 × 1011 cm-2. This indicates that the high density of surface traps in 

the conventional structure arises primarily from the PEDOT:PSS/active layer interface since the 

back electrode interface (active layer/Ba) is in both conventional device types unchanged. If Ba 

would cause high rates of surface recombination, a reduction by replacing PEDOT:PSS with 

CPE-K would not lead to a significant reduction in the interfacial recombination rate. To further 

corroborate this, we fabricated devices with PEDOT:PSS bottom electrode and Al back 

electrode. The Voc vs ln(I) slope is found to be 0.95 kT/q (see Figure S6.7), similar to the 0.94 

kT/q for the devices with Ba/Al back electrode, indicating a similar level of surface 

recombination.  

With this knowledge, we can interpret the differences in the Voc-dependence on the light 

intensity (Figure 6.4a) correctly. The decrease in the slope when using PEDOT:PSS in fact arises 

from an increase in surface traps, which can be partially recovered when using CPE-K instead. 

In the inverted devices, surface traps play a smaller role, and recombination via bulk traps is 

dominant, leading to slopes above unity. These findings contrast the often-discussed concerns 

about ZnO and its interfacial properties. It is well understood that ZnO exhibits a wide range of 

intrinsic defect levels.[339] We believe that the majority of defect or impurity energy levels created 

by ZnO are shallow in respect to the HOMO and LUMO levels of the used narrow band gap 

donor and acceptor. Assuming that the energy positions of defect states introduced by ZnO are 

fixed, the energetic distance to the HOMO or LUMO levels of donor or acceptor will decrease 

upon narrowing of the band gap. Such shallow energy levels do not act as efficient recombination 

centers according to Shockley-Read Hall statistics.[203] Since ZnO has previously been studied in 
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the context of wide band gap systems, the surface defects associated with ZnO served as 

recombination centers.[340–342] However, in the present narrow band gap system the same defects 

may serve as shallow traps at the interface which do not contribute as efficiently to the surface 

recombination. Further investigations that are beyond the scope of this work are necessary to 

resolve the picture in detail. 
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Figure 6.5. a) Langevin prefactor for bimolecular recombination b) bulk trap densities Nt 

(left axis) and surface trap densities Nt,surf. c) Extraction probability η at 0 V for the different 
devices. 
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Lastly, we investigate the charge extraction in the different devices. We calculated the 

extraction probability η under short-circuit conditions via the simplified Hecht equation 

(Equation 6.2), assuming that charge carriers are on average located at a distance L/2 from the 

extracting contact, with L being the active layer thickness.[97,254]  

𝜂 =
𝜇𝜏𝐹

𝐿/2
(1 − 𝑒𝑥𝑝 (

−𝐿/2

𝜇𝜏𝐹
))    (6.2) 

The mobility-lifetime product µτ was obtained from the capacitance spectra, following the 

approach by Vollbrecht and Brus.[136,137] The internal field, F, in the active layer was obtained 

according to the relationship F = (Vbi − Vcorr)/L, with the built-in field Vbi obtained from the 

JV-curves in the dark. Figure 6.5c reveals minor differences in the charge extraction dynamics. 

The PEDOT:PSS and CPE-K devices both result in an extraction probability of 92.1%, while the 

extraction probability in the ZnO/PFN-Br devices is slightly lower at 91.6%. The ZnO devices 

have the highest extraction probability of 93.3%. 

6.3 Conclusions 

To summarize, we have studied the differences between inverted OPV devices with either 

ZnO or PFN-Br functionalized ZnO front electrodes and conventional devices with 

PEDOT:PSS and CPE-K front electrodes. We elucidated the origins of the performance trend 

ZnO > ZnO/PFN-Br > PEDOT:PSS > CPE-K and highlighted the role of interfacial 

recombination. We have found ZnO to be the most suitable electrode for the PCE10:COTIC-

4F system, thanks to low interfacial recombination rates, efficient charge extraction, beneficial 

energy level alignment, and lower energetic disorder than in the conventional device architecture. 

Similarly, low interfacial recombination rates and no further reduction in surface traps were 
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observed, when using PFN-Br functionalized ZnO instead. The conventional devices based on 

the commonly used PEDOT:PSS exhibit high rates of interfacial recombination and reduced 

photogeneration in the active layer, leading to lower performance compared to the inverted 

devices. However, the negative effects of the surface traps can be reduced by nearly 70% when 

replacing PEDOT:PSS with CPE-K. While this is a promising mitigation strategy, it requires 

further development of the conjugated polyelectrolyte electrode to compete with the 

PEDOT:PSS electrode; for instance, we found lower PCEs for CPE-K based devices due to 

lower generation rates and less favorable HOMO level alignment with PCE10. These results 

encourage further exploration of the surface trap passivation effect of CPE-K in other OPV 

blend systems and employing thinner CPE-K electrodes to minimize optical losses. Overall, our 

findings highlight that interfacial recombination can play a significant role in narrow band gap 

blend systems. Since the role of interfacial effects is expected to be even more dominant in high-

performing OPVs, we expect future research in this direction to overcome the anticipated PCE 

bottleneck arising from interfacial recombination processes. 

6.4 Supplementary Information for Chapter 6 

Materials 

COTIC-4F and CPE-K were prepared according to literature procedure.[275,343] PEDOT:PSS 

(AL4083) was purchased from Ossila Ltd. ZnO solution and solvents were purchased from Sigma 

Aldrich. 

 

AFM and pc-AFM 

Atomic force images in conductive mode and photocurrent images were obtained with an Asylum 

Research MFP-3D setup with conductive Pt-Ir-coated probes with a resonant frequency of 
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13 kHz and a force constant of 0.2 N m−1, purchased from Nanoworld. All measurements were 

carried out under nitrogen. AFM images of the electrodes were collected with an Innova AFM 

setup in tapping mode. 

 

Device Fabrication  

ITO on glass substrates were cleaned by scrubbing with a commercial detergent and distilled 

water, followed by sonication in acetone and isopropanol. The substrates were dried in an oven 

overnight at 130 °C. For the inverted devices, the ZnO layer was deposited by spin-coating a 1:2 

mixture of diethyl zinc (15% w/w in toluene) and tetrahydrofuran at 4000 rpm in air, followed 

by annealing at 150 °C for 25 minutes. In the case of using PFN-Br, a 5 nm thick layer was spin-

coated at 3000 rpm on top of the ZnO from a PFN-Br solution in methanol with a concentration 

of 0.5 mg/ml. This solution was stirred for 2 hours at room temperature before spin-coating. The 

active layer was deposited under nitrogen atmosphere by spin-coating a solution of 

PCE10:COTIC-4F (1:1.5 ratio, c = 20 mg/ml) in chlorobenzene with 2% (v/v) 

chloronaphthalene at 1500 rpm. The solution was stirred overnight at 56 °C before spin-coating. 

The top contact was then deposited by thermal evaporation of molybdenum(VI)oxide and silver 

in a vacuum deposition chamber (Ångstrom Engineering) at pressures < 10-6 torr, using 0.22 cm2 

shadow masks. Devices in the conventional structure were prepared similarly, using barium 

(5 nm) and aluminum (100 nm) as the top contact. PEDOT:PSS was spin-coated on UV-Ozone 

treated ITO substrates from an aqueous solution at 4000 rpm, followed by annealing for 20 

minutes at 150 °C and CPE-K was spin-coated on UV-Ozone treated ITO substrates from 

aqueous solution with a concentration of 5 mg/mL at 3000 rpm, followed by annealing at 110 °C 

for 10 minutes. 
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Device Characterization 

The current-voltage characteristics were measured with a Keithley 2602 semiconductor analyzer 

system under nitrogen atmosphere. A solar simulator with a 300 W xenon lamp with an AM 1.5 

global filter was used to irradiate the devices. The light intensity was calibrated with a standard 

silicon solar cell with a KG1 filter, calibrated by the National Renewable Energy Laboratory. The 

illuminated area of the solar cell device was defined by an aperture of 0.094 cm2. The Voc versus 

light intensity was measured with the same setup using a set of Newport 5215 neutral density 

filters. EQE spectra were also measured under nitrogen atmosphere and the intensity of the 

monochromatic light, chopped at 155 Hz, was determined with a Newport Si photodiode. A 

Solartron SI1260 analyzer was used to measure the frequency-dependent impedance spectra (101-

106 Hz) under 1 sun and in the dark with a small AC disturbance of 40 mV, starting with a negative 

sample bias and an increase in bias up to Voc. The thicknesses of the device layers were measured 

with an Ambios XP-100 profilometer. 

 

Optical Simulation 

The available Transfer Matrix software, developed by the McGhee group, was used in 

combination with or own script to visualize G(x) and EQEideal.
[97,130,163] 
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Figure S6.1. Atomic Force Microscopy (AFM) images (5 x 5  μm) of the different 
electrodes. 

Table S6.1. Series and shunt resistance and their standard deviations. 

Device Rs (Ω cm2) Rshunt (Ω cm2) 

ZnO 1.92 ± 0.28 (8.92 ± 2.09)  · 104 

ZnO + PFN-Br 2.81 ± 0.18 (4.47 ± 2.11)  · 104 

PEDOT:PSS 2.64 ± 0.29 (3.69 ± 3.44)  · 104 

CPE-K 3.88 ± 0.21 (3.17 ± 1.75) · 104 
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Figure S6.2. Urbach energies obtained from the EQE tail as a measure for energetic 
disorder.  

Optical Properties of CPE-K 

The extinction coefficient was obtained from thin-film absorption measurements and the 

refractive index n was assumed as 2.5. As Burkhard et. al. have shown, the exact value of n leads 

only to minor differences in the modeled absorption, even when this estimation is applied to the 

active layer. Since we only estimate n for the CPE-K layer, we expect only a minor error rising 

from the slightly changed interference pattern in the device stack.[130] 



 

 173 

 

Figure S6.3. Extinction coefficient of CPE-K. 
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Figure S6.4. Fit of the total recombination current obtained from capacitance 
spectroscopy (sum of the individual contrition’s) to the experimental recombination 
current. 
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Figure S6.5. Contact mode surface topography and photocurrent images of the inverted 
devices taken at -0.5 V and +0.5 V sample bias. 

 

Figure S6.6. Contact mode surface topography and photocurrent images of the 
conventional devices taken at -0.5 V and +0.5 V sample bias. 
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Figure S6.7. Dependence of the Voc on the logarithm of the light intensity for a 
representative device with Al back electrode. 

PC-AFM 

When a small positive bias of +0.5 V is applied to the sample, the high work function Pt-coated 

AFM tip scans the active layer surface and collects photogenerated holes, similar to the working 

principle of the inverted devices with high work function MoOx/Ag back electrode. Bright 

features correspond to hole-rich donor domains. The higher contrast in the case of ZnO (Figure 

S6.6c) indicates a higher nanoscale current compared to the ZnO+PFN-Br devices (Figure S6.6f), 

in agreement with the observed bulk properties. The features are similar, indicating a similar 

distribution of donor- and acceptor-rich domains. When reversing the internal field by applying 

a negative -0.5 V to the samples, the tip collects electrons and no distinct features are revealed 

(Figure S6.6 b and e) since holes are not collected efficiently by the ZnO or ZnO + PFN-Br 

electrodes due to the unfavorable energy level alignment (compare Figure 6.1b). In the case of 

the conventional devices, the tip collects electrons when a negative sample bias is applied and the 

PEDOT:PSS/ITO or CPE-K/ITO collects holes, similar to the device operating conditions. In 

this favorable case, similar features can be clearly revealed for the samples based on PEDOT:PSS 
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(Figure S6.7b), and less distinct features (low current) are observed in the case of CPE-K, possibly 

originating from the lower photogeneration in these devices. When reversing the field by applying 

+0.5 V sample bias, the CPE-K/PEDOT:PSS electrodes collect electrons. In this case, again 

similar features are seen for the PEDOT: PSS-based devices, and no features can be seen for the 

CPE-K-based devices. 
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Chapter 7: Unraveling Device Physics of  Dilute-

Donor Narrow Band Gap Organic Solar Cells with 

Highly Transparent Active Layers 

7.1 Introduction 

Organic Photovoltaics promise innovative renewable energy harvesting applications with low 

environmental impact at low cost.[65,344–348] Thanks to the unique properties of the organic 

semiconducting materials, being lightweight, flexible, solution-processable, and optically tunable, 

OPVs are ideal candidates for integrated energy harvesting solutions such as energy-harvesting 

windows, skylights, or greenhouses.[52,53,65,292,349–352] While the field of OPV research underwent 

enormous progress in the past decade, resulting in opaque high-performance systems with 

photoconversion efficiencies (PCEs) of over 18%, (semi-)transparent OPVs (ST-OPVs) still 

perform far from their theoretical limits.[65,167,214,215,263,291,349,353,354] One inherent challenge for ST-

OPVs is to absorb enough photons to obtain a high PCE while maintaining a high average visible 

transmittance (AVT). Such a combination of high AVT and high PCE can only be achieved if 

organic semiconductor absorbers with a sufficiently narrow band gap are employed.[66,291,349,352] In 

fact, it is predicted that the theoretical Shockley–Queisser limit of a fully transparent single 

junction (100% AVT) approaches an impressive 20% for sufficiently narrow band gaps Eg of 1.0 

eV to 1.14 eV.[291,349]  

Despite the vast progress in the band gap engineering of non-fullerene acceptors (NFAs) for 

ST-OPVs, it remains not only a challenge to obtain PCEs comparable to those of opaque devices, 

but also to meet the high transparency requirements for the intended 

applications.[85,101,106,167,275,292,344,344,355] While in the scientific literature the term semitransparency is 
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commonly used to refer to OPV devices with an AVT of > 10%, much higher AVTs of > 55% 

for automotive applications and > 70% for architectural applications are required.[350,356]  

In the past, the most common way to achieve transparency was to employ thin active layers, 

resulting automatically in lower photon harvesting and lower PCEs than in opaque devices. 

Nowadays, several strategies exist to bypass these limitations. In 2019, Hu et al. reported the dilute 

donor approach and increased the AVT of semitransparent PTB7-Th:IECO-4F OPVs from 23.7% 

to 27.1% by decreasing the PTB7-Th content in active layers, which was accompanied by a slight 

PCE decrease from 9.48% to 9.06%.[357] Such dilute donor systems offer a platform for increasing 

the AVT while maintaining high PCE due to increased IR absorption by a narrow band gap 

acceptor compound. Xu et al. reported a PCE of 12.91% and an AVT of 22.49% (blend film 

AVT over 50%) using the wide-band gap donor polymer D18 in combination with the near-IR 

absorbing N3 acceptor, and Yao et al. reported that PM6:Y6 OPVs with reduced donor content 

deliver an efficiency over 10% with only 10 wt.% PM6, thanks to efficient charge generation, 

electron- and hole transport, slow charge recombination, and field-insensitive extraction.[358,359] 

Another strategy is to employ ternary blends with two narrow-band gap acceptors to achieve 

efficient ST-OPVs.[360,361] For example, Hu et al reported ternary blends with an active layer AVT 

of 50.1%, leading to ST-OPVs with 20.2% and a PCE of 13.02% when employing D18-Cl:Y6-

1O:Y6 in a 0.7:0.8: 0.8 wt/wt ratio.[362]  

To date, only a few examples in the literature demonstrate OPVs with AVTs of > 60%. To 

reach such high AVTs, highly-transparent electrodes and active layers have to be employed. 

Typically, a strong focus lies on the intended applications which dominates over efforts to create 

an in-depth understanding of ST-OPVs.[349,350,352,363–365,365–367] Nevertheless, to close the gap 

between the current performance and the theoretical limitations of ST-OPVs, an in-depth 
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understanding of the photoelectronic processes in the devices comprising highly transparent 

active layers is necessary to improve ST-OPVs for widespread application. 

7.2 Results and Discussion 

Here, we focus on the commonly used donor polymer PCE10 (poly[4,8-bis(5-(2-

ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-

fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)]) and the narrowest band gap 

(Eg=1.10 eV) NFA, COTIC-4F (2,2'-((2Z,2'Z)-(((4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-

b']dithiophene-2,6-diyl)bis(4-(heptan-3-yloxy)thiophene-5,2-diyl))bis(methanylylidene))bis(5,6-

difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile, shown in Figure 7.1a. 

The combination of PCE10:COTIC-4F serves as a model system for state-of-the-art NFA-based 

narrow band gap systems and has been the focus of previous studies of devices with optimized 

D:A ratio.[97,275] The narrow band gap acceptor favorably absorbs in the near IR with an absorption 

peak at 960 nm, whereas PCE10 limits the AVT of the blend due to absorption in the visible 

range with absorption maxima between 600 nm and 800 nm (Figure S7.1). In this work, we 

systematically increase the transparency of the BHJ active layers by two means. First, we employ 

the dilute donor approach, varying the donor:acceptor ratio from 40:60 to 30:70 and 20:80, in the 

remainder of the text referred to as 40%, 30%, and 20%. Second, to achieve higher transparency, 

significantly thinner films are employed than in previous works, ranging from 92 nm to 83 nm 

and 78 nm, for 40%, 30%, and 20% donor concentration, respectively, instead of the optimized 

140 nm shown in previous works.[97,100]  

We use a highly reproducible opaque back electrode configuration in order to elucidate the 

changes in the photoelectric processes that arise from the dilution of the donor. The devices 
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studied in this work and the respective energy level diagram are shown schematically in Figure 

7.1b and c. 

 

Figure 7.1. a) Chemical structures of the non-fullerene acceptor COTIC-4F and the donor 
polymer PCE10. b) Schematic device structures of the studied OPVs with different 
donor:acceptor ratios in the active layer. c) Energy level diagram of the devices. 

To start, we characterize the morphology of the three different blend films with 

photoconductive atomic force microscopy (pc-AFM), which allows obtaining information on the 

surface topography and the nano-scale photocurrent simultaneously, therefore providing 

information on the nanoscale charge generation.[113,114] A small positive bias was applied to the 

sample to direct the flow of photogenerated electrons toward the ITO/ZnO substrate. As the 

high work function Pt-coated tip collects holes from the blend, a high photocurrent signal 

corresponds to efficient hole extraction from a donor-rich domain. Consequently, dark domains 

correspond to the collection of electrons from acceptor-rich domains.[91,112,113] 

Figure S7.2 a,e and i show 5 μm x 5μm surface topography images of the 40%, 30%, and 20% 

blends, revealing similar features and low surface roughness (0.82 nm to 0.89 nm) for all films. 
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Due to this similarity, we can conclude that the surface roughness is not a significant factor in the 

performance of the studied cells. Figure S7.2 b-d,f-h and j-l show the photocurrent images of the 

same blends at 0 V, +0.5 V, and +1 V bias applied to the sample. In contrast to the topography 

scans, the photocurrent images reveal significant differences. As expected, with higher sample 

bias, holes are extracted more efficiently, leading to higher contrast in the images and higher RMS 

values (Table S7.1) with increasing sample bias, therefore resolving the features most distinctly at 

+1 V. The 20% films show a low photocurrent response at all voltages, and the features cannot 

be resolved as clearly as for the other blends. Such a reduced photocurrent can originate from 

lower charge carrier generation, higher rates of recombination, and poor extraction, hinting 

toward a reduced OPV performance. When comparing the other two blends, it is evident that 

the 30% film reveals larger features than the 40% blend, indicating a higher degree of phase 

separation. This observation is confirmed by higher resolution scans, shown in Figure S7.3.  

Next, we carried out Transmission Electron Microscopy (TEM) measurements, shown in 

Figure S7.4, taken at 20kx and 30kx total magnification. Brighter and darker areas are visible, 

which correspond to regions with different scattering contrast, e.g., donor-rich or acceptor-rich 

phases with a higher or lower degree of crystallinity and aggregation. With reduced donor content 

these features visibly increase in size. An analysis of the average domain sizes confirms the visible 

trend and for the bright features, (31,400±14,500) nm2, (18,900±11,300) nm2, and (6700 ± 3600) 

nm2 are found for 40%, 30%, and 20%, respectively. 

To gain additional morphological insights, we obtained information about the molecular 

ordering of the PTB7-Th:COTIC-4F blends by carrying out GIWAXs measurements. The 

GIWAXs analysis reveals that the crystal structure of donor and acceptor prefers to retain a face-

on orientation, regardless of the differences in the thickness and composition of the films, as seen 

in Figure S7.5a. An expected decrease in the scattering intensity is observed with the reduced 
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thickness from 40% to 20% donor content in the film. The crystal information for the NFA has 

not been assigned and overlaps with features from PTB7-Th, however, the observed scattering 

pattern for the 40% film agrees well with what is reported in the literature for this blend.[327] As 

shown in the out-of-plane line cut, the lamellar packing (100) distance of PTB7-Th does not 

change with the donor concentration (Figure S7.5b and Table S2). However, a minor increase in 

the crystal size can be observed from 8.84 nm for 40% to 9.29 nm and 9.67 nm for 30% and 

20%, respectively. This correlation with the above-mentioned TEM results indicates that an 

increased crystallinity may contribute to the larger area features in the blends with a lower donor 

concentration. 

In the case of π-π (010) stacking, both size and lattice are preserved. Overall, the morphology 

characterization results indicate changes in the phase separation and in the molecular ordering, 

which are expected to have an effect on the OPV performance. However, we expect that the 

PCE values are governed by other factors as well, which we will address in the remaining text. 

Next, we investigate the optical properties of the active layer blends by carrying out 

transmission measurements of the blend films on glass, shown in Figure 7.2, to determine the 

AVT. The AVT is the standardized measure for the transparency in the visible range and is 

calculated based on the transmittance of the device stack, the spectral intensity distribution of the 

AM1.5 spectrum I(λ), and the photopic spectral response of the human eye V(λ), as 

𝐴𝑉𝑇 =  
∫ 𝐼(𝜆)⋅𝑇(𝜆)⋅𝑉(𝜆) 𝑑𝜆

∫ 𝑇(𝜆)⋅𝑉(𝜆) 𝑑𝜆
.[65,325,350] The reduction of the donor content leads to a monotonous 

increase in the transmittance in the visible range up to 760 nm, resulting in blend AVTs of 64%, 

70%, and 77%, respectively. The most transparent devices reported comprise active layers with 

up to 68% blend AVT, and other dilute-donor studies reported AVTs of ≈ 50% blend 

AVT.[358,362,368,369] Therefore, best to our knowledge, the present blends are among the most 

transparent BHJ active layers reported to date, making them excellent candidates for ST-OPVs.  
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Figure 7.2. Transmittance spectra of the dilute donor active layers, leading to high blend 
AVTs of 64%, 70%, and 77%. 

Having resolved differences in the morphology and optical properties of the blends, we now 

focus on the impact of the donor concentration on the OPV device performance. To create an 

in-depth understanding of the optoelectronic processes in dependence on the donor 

concentration, we fabricate devices in inverted structure with a well-established opaque 

MoOx(7 nm)/Ag(100 nm) electrode configuration. The current-density voltage (JV)-

characteristics of representative devices are shown in Figure 7.3a. The photoelectrical 

parameters are summarized in Table 7.1, obtained from 8 devices of each blend type. 
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Table 7.1. Photoelectrical parameters of the solar cells used in this work under 1 sun 
illumination, obtained from the fabrication of 8 devices for each blend. 

donor (%) 
Jsc 

(mA/cm2) 
VOC (V) FF(%) PCE (%) 

AVT (%) of 
active layer 

40% 20.6 ± 0.8 0.567 ± 0.003 60.1 ± 0.7 7.0 ± 0.3 63.8 

30% 19.0 ± 1.5 0.563 ± 0.002 60.7 ± 2.7 6.5 ± 0.2 69.8 

20% 12.2 ± 0.4 0.555 ± 0.004 60.3 ± 1.5 4.1 ± 0.1 76.8 

 

With decreasing donor concentration from 40% to 30% and 20%, the short-circuit current Jsc 

decreases most noticeably from 20.6 mA/cm2 to 19.0 mA/cm2 (8% decrease) and 12.2 mA/cm2 

(41% decrease). While the open-circuit voltage Voc follows the same trend, the differences are 

minor. The 40% reference system exhibits a Voc of 0.567 V, which is decreased by 1% to 0.563 

V and by 2% to 0.555 V for the 30% and 20% devices, respectively. All devices maintain a fill 

factor FF of over 60%, leading to PCEs of 7.0%, 6.5%, and 4.1%. Before weighing the observed 

drop in performance against the gain in transparency with decreased PCE10 content, we aim to 

understand the origins of the observed performance trend in the three systems by elucidating 

charge carrier generation, charge carrier recombination, and extraction dynamics. 
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Figure 7.3. a) Experimental current-voltage characteristics of the studied OPVs with the 
different donor:acceptor ratios. b) Experimental normalized EQE spectra of the same 
devices. c) Simulated generation rates as a function of the spatial position in the active layer, 
x = 0 being the bottom electrode:active layer interface. d) Experimental dependence of the 
Voc on the light intensity and linear fits. 

A more in-depth analysis of the JV-characteristics, by obtaining the differential resistance 

dV/dJ in dependance on the voltage, reveals that the series resistance Rs is unaffected and low, 

with values of 1.87 ± 0.06 Ω cm2, 1.69 ± 0.21 Ω cm2 and 1.71 ± 0.23 Ω cm2 for the 40%, 30%, 

and 20% devices, respectively, as summarized in Table S7.2. Another potential cause for 

performance losses is leakage current, as quantified by the shunt resistance Rshunt. All devices 

maintain high Rshunt values of > 4.28 · 104 Ω cm2, demonstrating that the deviation from the 

optimized donor:acceptor ratio does not result in undesired leakage current pathways in the 

devices. The analysis of the dark JV-characteristics shows a small increase in the ideality 
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coefficient n from 1.33±  0.04 to 1.38 ±  0.03 and 1.39 ± 0.01 when reducing the donor 

concentration (Table S7.3), which can be caused by an increase in trap-assisted recombination. 

Concomitantly, an increase in the reverse bias dark current J0 is observed from (2.64 ± 1.30) ·10-

7 mA/cm2 to (4.89 ± 2.19) · 10-7 mA/cm2 and (5.55 ± 1.20) · 10-7 mA/cm2, which may arise from 

the reducing active layer thickness, trapped charge carriers or changes in the energetic 

disorder.[370,371] 

Figure 7.3b displays the normalized EQE spectra of the studied devices, normalized to the 

acceptor absorption at 975 nm. The absolute EQE spectra match the trend in the Jsc values 

obtained from the JV-curves (Figure S7.6). The normalization allows visualizing that the 

reduction of the donor content results in a reduced EQE in the donor absorption range (Figure 

S7.1) below 800 nm in the 30% and 20% donor devices, hinting towards the desired increase in 

the transparency in the visible range (370 nm – 770 nm). The relative donor:acceptor peak ratios 

range from 0.96:1 (40%) to 0.88:1 (30%) and 0.79:1 (20%).  

Next, we aim to quantify the role of charge generation. To obtain the charge carrier generation 

rates depending on the spatial position G(x) in the active layer, we obtained the optical properties 

of the blends with variable angle spectroscopic ellipsometry (VASE) and combined them with 

the already known optical properties of the other materials used in the device stack to serve as 

the input for optical transfer matrix simulations (TMM).[97,335] The resulting G(x) curves are shown 

in Figure 7.3c. Here, too, a clear trend can be seen with G(x) being reduced noticeably as the 

donor concentration is reduced from 40% to 30% and 20%. This observation implies that the 

absorption of the NFA in the IR cannot compensate for the reduced donor absorption in the 

visible range. Such a reduction in G(x) is expected to directly translate to the Jsc, which linearly 

depends on G(x). In contrast, the Voc has a logarithmic dependence. Voc ∝ ln(G(x)), explaining 

the small observed reduction in the Voc with decreasing donor content.[159,372] However, these 
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changes cannot explain the observed performance changes alone. For example, a drop in Jsc of 

8% is observed when reducing the donor concentration from 40% to 30%, but the reduced charge 

generation explains only a reduction of 3%. Therefore, we shift our focus to the charge carrier 

recombination and extraction processes in the different blends. 

As a first glance into recombination in the devices with different donor concentrations, we 

consider the relationship of the Voc with the light intensity, presented in Figure 7.3d. In all cases 

a linear relationship is found, confirming low leakage contributions, with slopes of 1.01, 1.00, and 

1.12 kT/q. It is commonly assumed that for slopes of 1 kT/q pure or dominant bimolecular 

recombination occurs in the devices, whereas slopes > 1 kT/q indicate bulk trap-assisted 

recombination.[99,100,159] Thus, the data suggest an increase in trap-assisted recombination only for 

the 20% system. In the presence of surface trap-assisted recombination, the slopes are reduced 

and values  < 1 kT/q indicate a strong relative contribution of surface recombination.[99,100,137] 

However, it is also possible that the effect of bulk and surface trap-assisted recombination 

contributions on the slope balance each other out, leading to slopes of exactly 1 kT/q, as 

demonstrated in detail in our previous work.[99,100] For the present PCE10:COTIC-4F systems, a 

combination of the three recombination mechanisms is expected, based on previous results of 

the optimized opaque device structures with 40% donor and a thicker active layer. In addition, 

the relative contribution of bimolecular recombination has previously been found to be low in 

these devices with a Langevin prefactor  = 0.02.[100] With the observed reduction in the 

generation rates for the 30% and 20% donor devices, lower charge carrier concentrations n are 

anticipated, decreasing the relative contribution of bimolecular recombination even further due 

to its ∝ n2 dependence. Therefore, the slopes close to 1 kT/q may not indicate dominant 

bimolecular recombination and a more in-depth analysis of the recombination pathways is 

necessary to interpret the results correctly. 
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To draw a more detailed picture of the occurring recombination processes, we employed the 

voltage-capacitance spectroscopy technique, following the approach developed by Brus and 

Vollbrecht.[136,137] The method provides information about the effective mobility μeff, effective 

lifetime τeff, and charge carrier concentration n, and the fit of the calculated recombination current 

Jrec,fit to the experimental recombination current Jrec,exp, shown in Figure S7.7a-c, yields information 

on the multi-mechanism recombination contributions and trap concentrations.  

Figure S7.7d shows μeff for devices with the different donor concentrations as a function of 

the corrected voltage Vcorr = V-JRs in the relevant working regime from 0 V to the Voc. Under 

forward bias > 0.4 V, the μeff of the 40% and 30% are indistinguishable, whereas the 20% donor 

blend shows slightly lower mobility values. The lower μeff of the 20% system might originate from 

a less optimal morphology in the BHJ at low donor concentrations, as indicated by TEM and 

GIWAXs measurements, such as changes in the percolation network, increased domain size, and 

the changed crystal size. All in all, the changes in the mobility values with decreased donor 

concentration are minor and their dependence on the voltage follows a similar trend. 

Figure S7.7e gives insights into the evolution of the effective lifetime τeff with decreased donor 

concentration. Here, a clear trend can be seen, with the 40% devices exhibiting more than twice 

as high τeff around 0 V than the other blends with 4.8 ·10-6 s compared to 2.1·10-6 s and 1.9 ·10-6 

s for 30% and 20%, respectively. However, towards the Voc these differences subside, and values 

close to 10-6 s are found for all systems. 

The evolution of the charge carrier densities n, shown in Figure S7.7f, follows the same trend 

with 40% > 30% > 20%. The trend in n at all biases reflects very well the charge photogeneration 

rates G that we presented earlier, obtained from the independent method of optical TMM 

simulations.  
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Around 0V the charge carrier extraction dominates over recombination, opposite to the open-

circuit condition. As shown here down the extraction efficiency of photogenerated charge carriers 

is high and comparable for all systems. Thus, the trend in n at low forward bias is fully governed 

by the decrease of G with donor dilution. At Voc all photogenerated charge carriers recombine 

without being extracted to the external circuit. Therefore, the charge carrier concentration can be 

estimated as n = τeffG.[373] Since τeff at Voc remains almost the same for all systems, the trend in n 

at large forward bais close to Voc is also determined dominantly by the change in the charge 

photogeneration rate. We can therefore confirm, that with lower donor concentration, the charge 

carrier densities in the BHJ are reduced significantly within the whole operating bias range.  

The 40% system exhibits already a relatively low charge carrier density of less than 1.7·1016 

cm-3 at Voc, which is reduced even further for the 30% and 20% systems to values below 1.4·1016 

cm-3 and 1.1·1016 cm-3. For reference, most systems exhibit higher charge carrier densities, 

sometimes exceeding 1·1017 cm-3.[100,215,348] 

As discussed, such low charge carrier densities render the bimolecular recombination of free 

charge carriers less dominant as they are encounter-limited. In addition, the Langevin prefactor 

for bimolecular recombination was found to be low with a value of 0.015 for the 40% system, 

confirming the minimal role of bimolecular recombination. With further reduction of n in the 

30% and 20% devices, the role of bimolecular recombination diminishes even further due to the 

n2 dependence of the bimolecular recombination rate.  
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Figure 7.4. a) Concentration of bulk traps Nt,bulk in the active layer of the studied devices 
(left axis) and concentration of surface traps Nt,surf at the bottom electrode:active layer 

interface (right axis). b) The µτ product (left axis) and the extraction efficiency η in the 
studied devices with different donor concentrations. 

Therefore, bulk and surface trap-assisted recombination are the relevant recombination 

channels in these devices, despite the narrow band gap that according to Shockley-Read-Hall 

model does not favor the dominance of trap-assisted recombination.[100,198,203,204] Figure 7.4a 

shows the bulk trap and the surface trap concentrations obtained from the capacitance 

spectroscopy method. The different donor concentrations do not impact the surface trap 

concentrations significantly, and values below Nt,surf = 1·1012 cm-2
 are found that are the same 

within the error for all systems. In contrast, the bulk trap densities increase from Nt,bulk = 2.9·1015 
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cm-3 to 6.8·1015 cm-3 and 1.0·1016 cm-3. The origins of bulk traps can be various; impurities, such 

as side products from synthesis, oxygen, water, and also local morphological variations can trap 

charge carriers.[84,103,112,193,302] All three systems consist of the same donor and acceptor material 

from the same batch of synthesis and were processed in the same manner, thus impurities are 

unlikely the source of traps in this case. Moreover, an increase in traps due to impurities with an 

increase of the NFA concentration is in general unlikely, because small molecule NFAs are much 

easier to purify than polymeric donor materials.[112,177] Therefore, the increase in traps is most 

likely due to morphological causes. The reduction of the donor content, specifically in the 20% 

active layers, may cause disturbances in the percolation pathway and give rise to isolated acceptor 

islands in which charges can get trapped.[84,374] The increased domain size that we have reported 

based on pc-AFM and TEM as well as the increased crystal size (GIWAXs) support this 

argument. Moreover, similar behavior has been reported for fullerene-based OPVs with reduced 

acceptor content.[84] The trapping of charge carriers in isolated acceptor regions explains the 

observed increase in the slope of the Voc depending on ln(I).  A comparison with other device 

systems fabricated in the same device configuration is conducive to understanding the scale and 

impact of the observed trap increases. While the ≈ 2-fold increase in Nt,bulk upon donor content 

reduction is a significant, much larger system to system variations have been observed before. 

For example, the mere substitution of the solvent has been shown to lead to > 1 order of 

magnitude changes in the bulk trap concentration, and equally large changes have been observed 

upon the addition of impurities to the active layer blend.[112,348] 

With these quantitative insights into non-geminate charge recombination, we can confirm our 

earlier discussion of the dependence of the Voc on the light intensity. Indeed, the slopes close to 

unity are not a reflection of dominant bimolecular recombination. We further learn that the ≈ 2-

fold increase in Nt for the 30% is not large enough to cause an increase in the slope, but the about 
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≈ 3-fold increase in Nt in the 20% system is sufficient to outweigh the constant contribution 

from the surface recombination and causes a small deviation to 1.1 kT/q. 

Next, we address the impact of the donor concentration on the charge carrier extraction. The 

mobility-lifetime product µτ can be derived from the presented capacitance spectroscopy results 

and is proportional to the mean free path w that charge carriers travel in the active layer before 

they recombine.[97,254,273] The extraction efficiency η can then be calculated from w and the active 

layer thickness.[97,254,273] Both µτ and η under short-circuit conditions are displayed in Figure 7.4b. 

The µτ drops from 5.8·10-10 cm2/V to 3.2·10-10 cm2/V when decreasing the donor concentration 

from 40% to 30%. A further reduction is observed for the 20% system to 2.4·10-10 cm2/V, 

indicating a steady increase in combined non-geminate and extraction losses (Figure 7.5b, solid 

line, left axis). This variation in the µτ product by nearly 60% from 5.8·10-10 cm2/V to 2.4·10-10 

cm2/V strikes as a substantial change, that exceeds even system-to-system variations for unrelated 

BHJ blend systems. For example, it exceeds the difference in µτ of PM6:Y6 vs P3HT:PCBM or 

PM6:Y6 vs PCE10:IOTIC-2F.[97] However, since the processing conditions were kept the same 

for all three device types, thinner active layers were obtained when using lower polymer donor 

concentrations (Figure 7.1b). This reduced active layer thicknesses partially compensate the drop 

in µτ, leading to η = 0.94, η = 0.92, and η = 0.90, indicating efficient charge extraction in all cases 

(Figure 7.5b. dashed line, right axis). 

As discussed earlier, all active layers have an exceptional AVT of over 60% (Figure 7.2). We 

measured AVT values of 64%, 71%, and 76% for the glass/ITO/ZnO/BHJ stacks without back 

electrodes, which demonstrates the great potential of these blends for ST-OPVs. Therefore, after 

this detailed discussion of the photoelectronic processes in the three systems, we lastly give a brief 

outlook on their application potential for integrated energy harvestings solutions that require high 

transparency.  
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We fabricated devices with semitransparent MoOx(7 nm)/Au(10 nm) back electrodes and 

obtained PCEs of 3.3%, 2.9%, and 1.7% while measuring device stack AVTs of 41.9%, 47.1%, 

and 48.9% for stacks comprising the blends with 40%, 30% and 20% donor polymer, as 

summarized in Table S7.4. Figure S7.8 shows the transmittance spectra of the transparent 

electrode, the transmittance spectra of the whole device stack, and the experimental AVTs as well 

as AVT values of literature systems as a function of the PCE, as well as those of this 

work.[88,299,350,352,365–367,375–389] Further we show the EQEs of representative semitransparent devices 

and the QUE in Figure S7.9 a and b, respectively. Lastly, to estimate the AVT of devices with 

more transparent electrodes, we simulated the AVT of a device stack with Ag nanowires as back 

electrodes and obtained AVT values of 61%, 67%, and 71% are found for the device stacks with 

40%, 30%, and 20% donor content, suggesting that specifically, the 30% and 20% blends are 

promising candidates for highly transparent OPVs. Future works are necessary to gauge the PCE 

of such devices. 

7.3 Conclusions 

To summarize, the three PCE10:COTIC-4F active layer systems with donor concentrations 

of 40%, 30%, and 20% provide exceptionally high AVTs of 64% to 77%. The AVT increases 

with decreasing donor concentration owing to reduced donor absorption in the visible range and 

increased near-IR acceptor absorption. We found that the donor:acceptor ratio impacts the 

nanoscale morphology and the domain sizes, however, the thin active layers allow for efficient 

charge extraction (η > 90%) in all systems. The PCEs of 7.0%, 6.5%, and 4.1% follow a clear 

trend with decreasing donor content due to reduced Jsc values, which originate from reduced 

charge carrier generation, reduced lifetime, and increased bulk trap-assisted recombination. 

Higher degrees of intermixing in the 30% devices and maintained effective mobility, explaining 



 

 195 

why only a moderate drop in the PCE is observed when reducing the donor content from 40% 

to 30%. We further found very low bimolecular recombination contributions and low charge 

carrier densities in all devices, rendering surface or bulk trap-assisted recombination channels 

dominant. While surface trap contributions remain constant, an increase in bulk trap-assisted 

recombination with decreased donor content may be due to morphological changes such as 

isolated donor islands.  

On the one side, such increased bulk trap-assisted recombination has a reducing effect on the 

FF. On the other side, charge extraction remains efficient due to thinner active layers, and a 

smaller voltage drop over the series resistance (JscRs) should improve the FF. The counterbalance 

of these effects explains the observed constant FF values. 

The decreased charge generation is reflected in the small decreases in Voc as well; however, 

the Voc is impacted far less than the Jsc due to the weaker non-linear dependence on the charge 

carrier density. The increased bulk trap-assisted recombination reduces Jsc but has a minor effect 

on the Voc, which is dominantly governed by surface trap-assisted and bimolecular 

recombination. 

To conclude, further optimization of the interfaces and the active layer morphology might 

reduce the observed loss factors. Besides employing different transparent back-electrodes, a 

future direction might therefore involve ternary systems to improve PCE and AVT of the present 

blend system further. Overall, more synthetic efforts to obtain high-performing ultra-narrow 

band gap NFAs with band gaps of ≈ 1.12 eV are desirable to overcome the low AVT bottleneck 

and establish OPV blends with high AVTs > 70%. 
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7.4 Experimental Section 

Materials 

The donor polymer PCE10 was purchased from 1-Material Inc. and the acceptor COTIC-4F was 

synthesized following the literature procedure.[275] 

 

Thin Film Characterization 

Photoconductive Atomic Force Microscopy images were obtained in contact mode with an Asylum 

Research MFP-3D setup using platinum-coated probes. Measurements were carried out under a 

nitrogen atmosphere at a sample bias of 0V, +0.5 V, and +1 V, applied to the ITO bottom 

electrode. Photocurrent images were obtained by illuminating the samples with a white light 

source. The small current value in the dark at the respective bias was used as the current offset 

to obtain the photocurrent images. All images were obtained using the same tip and the same 

contact force. 

 

Transmission Electron Microscopy images were obtained with a Jeol JEM-1400 Plus setup. The films 

were spin-coated as the active layers in devices on Glass/ITO/PSS substrates. Then, each film 

was carefully detached from the substrate by dissolving the PSS layer in distilled water so that the 

film could be transferred to a copper 100 mesh TEM grid. The active layer analysis was performed 

at an accelerating voltage of 120 kV. 

 

GIWAXS measurements were carried out at the PLS-II 5A beamline of the Pohang Accelerator 

Laboratory in South Korea. The 2D images were taken by using a Mar CCD detector with a 

sample-to-detector distance of 414.58mm at 11.57 keV (1.07156 Å). 
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The optical properties of materials not reported in previous works were obtained with a SER850 

DUV spectroscopic ellipsometer (SENTECH Instruments GmbH, Berlin) with a spectral range 

of 190 nm – 2500 nm. First, the SiO2/Si substrates were modeled with a Sellmeier oscillator 

model. Then, the active layers were modeled as uniaxial anisotropic, and measurements were 

carried out at angles of 50°, 60°, and 70°.  

 

Device Fabrication  

Substrates of ITO on glass were cleaned by scrubbing with an aqueous solution of commercial 

detergent, followed by subsequent sonication in acetone and isopropanol and drying overnight in 

an oven at 130 °C. Next, the ZnO layer was deposited by spin-coating a mixture of diethyl zinc 

(15% w/w in toluene) and tetrahydrofuran in a 1:2 ratio at 4000 rpm in air. The films were 

annealed at 150 °C for 25 minutes before the active layers were deposited under nitrogen 

atmosphere by spin-coating a solution of PCE10:COTIC-4F (1:1.5 ratio, c = 20 mg/ml) in 

chlorobenzene with 2% (v/v) chloronaphthalene at 2000 rpm. The back electrodes (0.22 cm2) 

were deposited by thermal evaporation of molybdenum(VI) oxide and silver in a vacuum 

deposition chamber (Ångstrom Engineering) at pressures < 10-6 torr. The same procedure was 

followed for the ST-OPV devices, but thinner Ag electrodes were evaporated (15 nm instead of 

100 nm). 

 

Device Characterization 

The current-voltage characteristics were obtained with a Keithley 2602 semiconductor analyzer 

system under nitrogen atmosphere. For measurements under 1 sun, a solar simulator with a 300 

W Xenon lamp with an AM 1.5 global filter was used to irradiate the devices. The light intensity 

was calibrated with a standard silicon solar cell with a KG1 filter, calibrated by the National 
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Renewable Energy Laboratory. An aperture of 0.123 cm2 was used to define the illuminated area 

of the cells. The Voc dependence on the light intensity was measured with the same setup using a 

set of Newport 5215 neutral density filters. EQE spectra were obtained using monochromatic 

light chopped at 155 Hz with defined intensity as determined with a Newport Si photodiode as 

reference. A Solartron SI1260 analyzer was used to measure the frequency-dependent impedance 

spectra (101-106 Hz) under 1 sun and in the dark, applying a small AC disturbance of 40 mV. The 

measurements were carried out starting with a negative sample bias that was gradually increased 

up to the respective Voc. The thicknesses of the device layers were measured with an Ambios XP-

100 profilometer. 

 

Optical Simulation 

The available Transfer Matrix software, developed by the McGhee group, was used in 

combination with our script to visualize G(x).[97,130,163] 

 

Statistical Analysis 

Statistical Analysis was conducted using Microsoft® Excel® for Microsoft 365 MSO (Version 

2205 Build 16.0.15225.20172) 64-bit. Data in tables is presented as mean ± SD and the sample 

size ns for each statistical analysis is given in the respective figure legends. For the recombination 

current analysis, fitting errors were determined in Python 3.7 using scipy. optimize.curve_fit for 

the fitting procedure, yielding the estimated covariance of the optimized parameters (trap 

densities Nb, Nsf, and Langevin prefactor χ) as a 2D-array. The array’s diagonals provide the 

variance of the optimized parameter estimate, thus one standard deviation errors on the 

parameters were obtained as perr = np.sqrt(np.diag(pcov)). Further documentation can be found 

in the SciPy documentation on scipy.optimize.curve_fit. The errors obtained for the thickness-
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dependent quantities (µτ and η) were assumed to be dominated by the uncertainty of the 

profilometry measurement, which was estimated as ±5 nm. Errors were obtained by carrying out 

the recombination current analysis for the measured thickness + 5 nm and for the measured 

thickness-5 nm.  

7.5 Supplementary Information for Chapter 7 

 

Figure S7.1. Normalized Absorption spectra of the donor polymer PCE10 and the non-
fullerene acceptor COTIC-4F. 
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Figure S7.2. 5 μm x 5 μm surface topography (left) and photoconductive atomic force 
microscopy (pc-AFM) scans of the blends with different donor concentrations at different 
sample biases of 0V, +0.5 V, and +1 V. 
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Figure S7.3. 2 μm x 2 μm surface topography (left) and photocurrent images (right) taken 
at +0.5 V sample bias of the blends with different donor concentrations. 

Table S7.1. Roughness Mean Squared (RMS) values obtained from pc-AFM images for 
the surface roughness and for the current images of representative films. 

c(donor) RMS (nm) RMS 0 V (pA) RMS +0.5 V (pA) RMS +1V (pA) 

40% 0.82 4.65 15.41 33.89 

30% 0.89 7.02 18.63 37.89 

20% 0.82 5.27 12.81 15.94 
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Figure S7.4. TEM images of representative blend films with 40%, 30% and 20% PCE10 
donor polymer at 20kx (a-c) and 30kx total magnification (d-f).  
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Figure S7.5. a) Scattering Intensities obtained in a grazing incidence angle of 0.12̊ for the 
40%, 30% and 20% donor blends. b) GIWAXs 1D-linecuts showing the scattered intensity 
in the qz plane, perpendicular to the substrate. c) GIWAXs 1D-linecuts showing the 
scattered intensity in the qxy plane (parallel to the substrate). 

Table S7.2. Peak positions, FWHM, lamellar packing lattice distance and crystallite size. 

Out-of-plane  Peak 

(Å-1) 

FWHM 

(Å-1) 

Lattice 
(nm) 

Size 
(nm) 

40wt% [100] 0.296 0.071 2.122 8.843 

 π-π 1.775 0.209 0.354 3.009 

30wt% [100] 0.292 0.068 2.154 9.292 

 π-π 1.788 0.206 0.351 3.055 

20wt% [100] 0.293 0.065 2.147 9.674 

 π-π 1.790 0.210 0.351 2.988 
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Table S7.3. Series and shunt resistance, ideality coefficient n, and reverse bias dark current 
J0 in dependance on the donor concentration of the studied PCE10:COTIC-4F devices. 
Sample sizes for the analysis are ns = 8. 

c(donor) Rs (Ω cm2) Rshunt (Ω cm2) n J0 (mA/cm2) 

40% 1.87 ± 0.06 (5.56 ± 6.09) · 104 1.33 ±  0.04 
(2.64 ± 1.30) · 10-

7 

30% 1.69 ± 0.21 (5.66 ± 2.59) · 104 1.38 ±  0.03 (4.89 ± 2.19) · 10-7 

20% 1.71 ± 0.23 (4.28 ± 3.38) · 104 1.39 ± 0.01 (5.55 ± 1.20)  · 10-7 

 

 

Figure S7.6. EQEs of the studied opaque PCE10:COTIC-4F devices with different donor 
content. 
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Figure S7.7. a)-c) Fit of the recombination current Jrec,fit, and its components for surface, 
bulk, and bimolecular recombination, to the experimental recombination current Jrec,exp 
based on the analysis of capacitance spectra of the different device types with 40%, 30%, 

and 20% donor. d)-f) The effective mobility μeff, effective lifetime τeff, and charge carrier 
concentration n in dependence on the corrected voltage Vcorr. 

Table S7.4. Device performance of ST-OPV devices with MoOx(7 nm)/Au(10 nm) back 
electrode, obtained from the fabrication of 8 devices for each blend. 

donor (%) Jsc (mA/cm2) VOC (V) FF(%) PCE (%) AVTstack (%) 

40% 
-14.14 
± 0.49 

0.540 
± 0.002 

0.43 
± 0.02 

3.27% 
± 0.14 41.9 

30% 
-10.89 
± 0.33 

0.555 
± 0.002 

0.48 
± 0.01 

2.89% 
± 0.05 47.1 

20% 
-7.50 

± 0.44 
0.542 
0.022 

0.40 
± 0.04 

1.65% 
± 0.26 48.9 
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Figure S7.8. a) Transmittance of MoOx/Au gold electrodes in the visible range with 
different Au thicknesses and photopic response V. b) Experimental transmittance spectra 
of the device stacks with thin electrodes. c) Experimental AVTs of the device stacks. d) 
AVTs reported in literature in dependance on the PCE (black) and our work (red), 
demonstrating the system’s potential for ST-OPV applications upon further optimization. 



 

 207 

 

Figure S7.9. a) EQE spectra and b) Quantum Utilization Efficiency QUE for the ST-OPV 
devices with MoOx/Au electrode. 
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Summary and Outlook 

This thesis work has elucidated various limitations of organic photovoltaics. The working 

principles of OPVs have been discussed in Chapter 1, followed by the description of various 

characterization techniques used in OPV research in Chapter 2. 

Chapter 3 has focused on the residual cross-coupling catalyst Pd(PPh3)4 and has shown that 

small amounts of the catalyst, typically not exceeded after the material purification, do not harm 

the performance of OPVs significantly. Therefore, we have concluded that residual catalysts 

traces are not a major concern in the studied PCE10:IOTIC-4F system. Other factors that can 

lead to batch-to-batch variations are the molecular weight, polydispersity, and other trace 

impurities. Addressing these factors in the future to understand their influence on the common 

batch-to-batch-variations may help to achieve higher batch-to-batch reproducibility. 

In Chapter 4 we have presented a new approach to unravel the optoelectronic processes under 

short-circuit conditions. We have shown how to obtain the geminate prefactor Pg, the mobility-

lifetime product µτ, and the extraction efficiency η, using only standard measurements and 

simulations. Due to the good agreement with impedance spectroscopy results, we encourage the 

implementation of the new approach. Since our simple method can predict the optimal device 

configuration and active layer thickness from a single device, the use of this approach is in 

particular of interest when the availability of the OPV materials is limited. 

Chapter 5 has derived changes in ST-OPVs that are arise from an increased transparency. We 

have found that a reduced generation of charge carriers and an altered generation rate profile 

leads to lower Open-circuit Voltages (Voc) and changes in the recombination dynamics. We have 

further shown that high-purity and low-trap-density active layers are necessary for ST-OPVs and 

that transparent devices are more sensitive to shunt-leakage. We encourage the exploration of a 
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wider range of transparent electrodes since the impact of surface recombination and of the series 

resistance decrease with increased AVT. The insights of this simulation-based study are 

experimentally not accessible, since no such systematic variation of the optical constants is 

feasible without alteration of other material parameters. Therefore, this project highlights the 

importance of combining experiment and simulation to advance the OPV field. 

Chapter 6 has investigated the role of the interfacial recombination in the narrow-band gap 

system PCE10:COTIC-4F. We have shown that ZnO is the most suitable front electrode due to 

low interfacial recombination, efficient charge extraction, and favorable energy level alignment, 

contrasting the common notion in the community that ZnO introduces surface traps. This 

highlights the need for a re-assessment of established device fabrication guidelines when working 

with narrow band gap OPVs.  

In Chapter 7 we have investigated OPVs with highly transparent active layers based on the 

‘dilute donor approach with high AVT values up to 77%. The systematic dilution of the donor in 

combination with the near IR acceptor COTIC-4F has resulted in active layers with systematically 

increased AVT and moderately reduced PCE. This work highlights that highly transparent OPVs 

are within reach and that existing narrow band gap systems can be modified and tuned to meet 

application-specific transparency requirements. 

All in all, this work has given insights into opaque and transparent OPV systems and has 

provided the reader with an in-depth understanding of the processes and limitation of the 

different devices. Moreover, it has outlined guidelines and approaches for the fabrication and 

characterization of OPVs. Based on the vast progress in the OPV field in recent years, a more 

widespread application is expected to occur as soon as the few remaining challenges, such as long-

term stability, temperature-sensitivity, and losses due to up-scaling are addressed and improved. 
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