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Abstract 

 

Organic photovoltaic (OPV) devices based on semiconducting polymers and small molecules allow 

for a low cost alternative to inorganic solar cells. Recent developments show power conversion 

efficiencies as high as 10-12%, highlighting the potential of this technology. Nevertheless, further 

improvements are necessary to achieve commercialization.  

To a large extent the performance of these devices is dictated by their ability to extract the 

photo-generated charge, which is related to the charge carrier mobility. Various time-resolved and 

steady-state techniques are available to probe the charge carrier mobility in OPVs but often lead 

to different mobility values for one and the same system. Despite such conflicting observations it 

is generally assumed that charge transport in OPV devices can be described by well-defined charge 

carrier mobilities, typically obtained using a single steady-state technique. This thesis shows that 

the relevance of such well-defined mobilities for the charge separation and extraction processes 

is very limited. 

Although different transient techniques probe different time scales after photogeneration, they 

are mutually consistent as they probe the same physical mechanism governing charge motion – 

gradual thermalization of the photo-generated carriers in the disorder broadened density of states 

(DOS). The photo-generated carriers gradually lose their excess energy during transport to the 

extracting electrodes, but not immediately. Typically not all excess energy is dissipated as the 

photo-generated carriers tend to be extracted from the OPV device before reaching 

quasi-equilibrium. 

Carrier motion is governed by thermalization, leading to a time-dependent carrier mobility that is 

significantly higher than the steady-state mobility. This picture is confirmed by several transient 

techniques: Time-resolved Terahertz Spectroscopy (TRTS), Time-resolved Microwave 

Conductance (TRMC) combined with Transient Absorption (TA), electrical extraction of 

photo-induced charges (photo-CELIV). The connection between transient and steady-state 

mobility measurements (space-charge limited conductivity, SCLC) is described. Unification of 

transient opto-electric techniques to probe charge motion in OPVs is presented. 

Using transient experiments the distribution of extraction times of photo-generated charges in an 

operating OPV device has been determined and found to be strongly dispersive, spanning several 

decades in time. In view of the strong dispersion in extraction times the relevance of even a 

well-defined time-dependent mean mobility is limited. 

In OPVs a continuous ‘percolating’ donor network is often considered necessary for efficient hole 

extraction, whereas if the network is discontinuous, hole transport is thought to deteriorate 

significantly, limiting device performance. Here, it is shown that even highly diluted donor sites 

(5.7-10 %) in a buckminsterfullerene (C60) matrix enable reasonably efficient hole transport. Using 

transient measurements it is demonstrated that hole transport between isolated donor sites can 

occur by long-range hole tunneling (over distances of 4 nm) through several C60 molecules – even 

a discontinuous donor network enables hole transport. 
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Short Summary of Included Papers 

 

[I] Here, we have combined transient absorption spectroscopy and time-resolved 

electrical extraction measurements to monitor the charge carrier recombination 

dynamics in an OPV device. Under appropriate experimental conditions, the two 

techniques generate identical and overlapping data. We have shown that a model, 

incorporating the gradual thermalization of the photo-generated carriers, can 

explain the recombination dynamics. 

[II] Here, we have monitored the extraction of photo-generated charges from an OPV 

device by means of ultra-fast optical probing combined with photocurrent 

measurements, complemented with kinetic Monte Carlo simulations. We have 

shown that only charge transport models, incorporating the gradual thermalization 

of photo-created carriers, can describe the device photocurrent. We have outlined 

how the dispersion in charge extraction times can be determined in OPV devices 

operating under continuous illumination conditions. 

 [III] Here, experimental evidence, showing the gradual thermalization of the 

photo-created carriers and the associated time-dependent carrier mobility, is 

presented. We show that photo-created carrier thermalization in OPVs is a two-step 

process. Most of the excess photon energy is lost by fast diffusive charge motion, 

followed by a slower loss during drift-dominated charge extraction. Carrier 

thermalization can take as long as 10 µs to complete. We have identified the time 

and distance scales relevant for charge extraction to show that the photo-created 

charges typically are extracted from the OPV device before reaching 

quasi-equilibrium. This paper confirms the model predictions in paper II. 

[IV] Here, we have extended our analysis to measurements not involving photons. In 

particular, we have directly compared the mobility of photo-created charges to 

those that are injected from the electrodes in the dark. For the case of disordered 

OPVs, the mobility of photo-created charges significantly exceeds that of charges 

injected from the electrodes. We have explicitly calculated the error if an incorrect 

mobility, not accounting for carrier thermalization, is used to describe the drift of 

the photo-generated carriers. 

[V] Here, we have studied co-sublimed small-molecule-based donor/acceptor mixtures, 

where the distance between the donor sites was varied in a controlled manner. We 

have shown that a continuous donor network is not strictly necessary for hole 

transport in OPV devices. Hole hopping between isolated donor sites can occur by 

long-range hole tunneling through several buckminsterfullerene (C60) molecules, 

over distances as large as 4 nm. 
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1 Introduction 

 

1.1 Energy Economy 

The energy economy of the world is currently mainly based on the use of fossil fuels, such as coal, 

oil and natural gas. Fossil fuels form by natural processes over a period of millions of years and 

have a finite reserve. There are two major problems in using a finite energy source to satisfy our 

needs. First of all, fossil fuels will eventually run out – they are non-renewable, meaning that our 

energy economy is not sustainable. Secondly, the combustion of fossil fuels consumes oxygen (O2) 

and, among other harmful compounds, releases the greenhouse gas, carbon dioxide (CO2). 

Triatomic molecules, such as CO2, are good absorbers in the infrared and absorb a fraction of the 

heat emitted by the surface of the earth. Increasing CO2 content enhances absorption and heating 

of the atmosphere, which in turn leads to increased heat emission back to the surface of the earth, 

causing global warming. Experts seem to agree that a rise in global-mean temperature should not 

exceed more than 2 °C above pre-industrial level. While this may not occur during our lifetime, we 

must consider how life will continue for the future generations. Well before our fossil fuel reserves 

are depleted, we must begin to develop sustainable and environmentally friendly alternatives. 

 

1.1 Photovoltaics 

Solar energy is renewable, environmentally friendly and abundant. The power from the sun, 

incident on the surface of the earth after passing the earth’s atmosphere, is practically unlimited 

(120 000 TW) compared to current human needs (20 TW). The irradiance from the sun at the 

surface of the earth is roughly 1000 W m-2. Nevertheless, even today, we are making little use of 

solar energy in terms of electricity production (Figure 1). Electricity, after all, is one of the most 

useful forms of energy, as it can be used for almost everything. 

 

Figure 1. Estimated renewable energy share of global electricity production at year-end 2015. Adapted 

from the Renewables 2016 Global Status Report1. 
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The conversion of solar energy to electrical energy can be achieved by the use photovoltaic 

modules. Current photovoltaic market is dominated by wafer-based crystalline silicon modules, 

with a market share of >90% (refs 2,3). Since the advent of the silicon solar cell from the Bell labs 

in the 1950s, the field has seen tremendous progress, leading to commercial silicon-based module 

power conversion efficiencies in the range of 16-21% (ref. 2) (for a single-junction crystalline 

silicon solar cell the theoretical maximum is about 30%)4. Continually falling prices and 

improvements in module efficiency are expected to soon make photovoltaics as one of the lowest 

cost options for future electricity production. 

While silicon has evident advantages for use in photovoltaics (it is the second most abundant 

element on earth, it is robust and the material itself is non-toxic), it requires relatively complex 

and energy-intensive manufacturing steps. The development of organic, i.e. carbon-based, 

semiconducting polymers and small molecules offers a promising alternative. 

 

1.2 Organic Photovoltaics 

Organic semiconductors are generally non-toxic and offer potentially easy means of solar cell 

fabrication by solution processing at low temperatures. As such, large areas of photovoltaic 

modules can, at least in principle, be rapidly deposited from inks by roll-to-roll techniques, at low 

monetary and energy cost. These are soft materials with strong absorption coefficients, enabling 

lightweight and flexible organic solar cells (less than 1 µm thick films are sufficient to absorb most 

of the incident light). Desirable material properties can be almost endlessly fine-tuned by chemical 

synthesis and new, better compounds are discovered on a continuous basis. As such, solar cells 

based on organic semiconductors have many of the necessary features for a successful low-cost 

photovoltaic technology. 

Current organic solar cell power conversion efficiencies for small lab-scale devices are in the range 

of 10-12% (refs 5–7) and the technology is currently being upscaled to larger-area photovoltaic 

modules. However, present organic solar cell materials suffer from two major limitations. First of 

all, organic solar cells degrade rather rapidly. Secondly, organic solar cell efficiencies remain too 

low for commercial applications. A similar situation has occurred in the past for hydrogenated 

amorphous silicon (a-Si:H) solar cells, which is also an environmentally benign technology, 

allowing for low-temperature and low-cost deposition on flexible substrates. However, the 

relatively low efficiencies (10%) and degradation have limited the market for a-Si:H mainly to 

pocket calculators. As high power conversion efficiencies at low-cost continue to be the main 

driving force for photovoltaic technologies to enter the market, organic solar cell materials must 

be improved. 

Although present organic photovoltaic (OPV) devices are reasonably efficient in terms of light 

in-coupling and photocurrent generation, they are quite poor in terms of making use of the 

absorbed photon energy. In other words, a large portion of the photon’s energy is wasted during 
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the conversion from solar to electrical energy, thus limiting photovoltaic performance. These 

losses occur gradually, following the absorption of light, with different processes taking place at 

different time scales. In this thesis, these processes were probed by transient measurements. 

 

1.3 The Aim of the Thesis 

Much of the physics describing the operation of OPV devices has been adapted from inorganic 

solar cells. In conventional inorganic materials, the photo-generated carriers are assumed to be in 

thermal equilibrium with the lattice8,9. This assumption is experimentally justified as 

photo-generated carrier thermalization completes very rapidly10,11, i.e. before any significant 

carrier transport has occurred. In other words, a quasi-equilibrium situation is quickly established 

and the photo-generated carrier populations can be conveniently described using Fermi-Dirac 

statistics. Following thermalization, the photo-generated carriers are transported at their 

quasi-equilibrium energies with a well-defined carrier mobility. Despite lack of conclusive proof 

and conflicting evidence in literature this is often assumed to be also the case in OPV devices. 

Previous experimental and theoretical studies show strong indications that photo-generated 

carrier thermalization in organic semiconductors is, in fact, relatively slow12–15. Furthermore, 

reported charge carrier mobility values typically differ by orders of magnitude when probed at 

different time scales following photoexcitation13–20. Although most researchers in the field are 

aware of this and would agree that the motion of photo-generated charges in OPV devices should 

be described as a non-equilibrium transient process, the assumptions of quasi-equilibrium and 

well-defined carrier mobilities remain widely used in the OPV community. This is largely due to a 

lack of a comprehensive experimental study. Transient measurements are typically discussed in 

isolation, whereas all of the relevant time scales for charge transport must be investigated. 

The aim of this is thesis is provide a comprehensive quantitative study involving multiple 

experimental techniques and simulations, spanning the relevant time scales for charge transport 

in OPVs. The main questions that this thesis aims to answer are: 

 What are the relevant time and distance scales for photo-generated carrier thermalization 

in OPV devices? What is the main mechanism via which photo-generated carrier 

thermalization takes place? Can thermalization be avoided? 

 If thermalization is sufficiently slow, can the photo-generated carriers be extracted from 

the OPV device before reaching quasi-equilibrium? 

 Can charge transport in OPV devices be described by well-defined charge carrier 

mobilities? If not, what is the alternative? 
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This thesis shows that photo-generated carrier transport in OPV devices is completely dominated 

by non-equilibrium effects, governed by the gradual thermalization of the photo-generated 

carriers. There is no unique mobility. The mobility of photo-created charges is strongly 

time-dependent, as it gradually decreases following photoexcitation. The photo-generated 

carriers are typically extracted from the OPV device before reaching quasi-equilibrium. 

 

1.4 Note to the Reader 

Chapters 2 and 3 provide a brief introduction to photovoltaic energy conversion and organic solar 

cells, respectively. Readers familiar with these topics can skip these chapters and start reading at 

chapter 4, which describes the theoretical framework used to explain the transient measurements 

discussed in the rest of the thesis. Chapter 5 highlights some important aspects regarding 

time-resolved measurements and the choice of samples. Chapters 6-9 summarize the main 

findings of the papers. The papers occupy the second half of the thesis and can be found after the 

Appendix. 

Chapter 6 describes the charge extraction experiments (paper II). Chapter 7 describes the 

experimental data on photo-generated carrier thermalization (papers I and III). Chapter 8 

compares mobility measurements with and without photoexcitation (paper IV). Chapter 9 extends 

the results in the previous chapters to measurements on small-molecule-based OPV blends with 

a well-defined morphology (paper V). Chapter 10 discusses some modeling limitations and shows 

ongoing work to circumvent those limitations. Chapters 11-12 conclude the thesis and provide 

some ideas for future studies. 

Chemical structures and full names of the materials studied in this thesis are given in the Appendix. 

Unless otherwise noted, the discussion centers around the main system studied in this thesis 

(TQ1:PC71BM).  
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2 Photovoltaic Energy Conversion 

 

Photovoltaic energy conversion relies on the absorption of photons by a semiconductor (Figure 2). 

Only photons with an energy higher than the semiconductor bandgap are absorbed, the rest are 

either reflected or transmitted. The absorption of a photon with an energy higher than the 

semiconductor bandgap promotes an electron from the valence band to the conduction band, 

generating an electron-hole pair. If such an electron-hole pair is sufficiently long-lived, i.e. does 

not rapidly decay to the ground state, the photon energy, stored in the electron-hole pair, can be 

converted into electrical energy by the use of a photovoltaic device. 

 

Figure 2. Schematic of the basic operating mechanism of a single-junction photovoltaic device. 

The simplest photovoltaic device consists of a semiconducting photoactive layer sandwiched 

between two electrodes. This type of design is commonly referred to as the single-junction solar 

cell. In organic solar cells the photoactive layer is based on semiconducting polymers and/or small 

molecules. Light enters through the transparent electrode and is absorbed by the photoactive 

layer. The substrate electrode is typically reflective, e.g. a metal. This way the photons that are 

not absorbed by the photoactive layer during the first pass are reflected and traverse the 

photoactive layer again – more photons are absorbed in the semiconductor. The photo-generated 

charges are then collected at the electrodes. 

To produce work in an external circuit (represented by the load in Figure 2), the extraction of holes 

and electrons must be selective at each electrode. In other words, the photovoltaic device must 

be engineered with an asymmetry so that the photo-generated electrons are preferentially 

collected at the cathode, whereas the photo-generated holes are collected at the anode. In 

inorganic solar cells the asymmetry is typically introduced by inhomogeneous doping of the 

semiconductor, the classic example is the p-n junction. In organic solar cells the asymmetry is 

introduced by the use of electrodes with different work functions, which creates a built-in bias 

(Ubi), i.e. a built-in electric field in the photoactive layer, driving the extraction of photo-generated 

holes and electrons at their respective electrodes. Due to the asymmetry, the photovoltaic device 

acts as a diode (Figure 3). 
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2.1 Power Conversion Efficiency 

The amount of electrical power that the photovoltaic device generates upon illumination is a 

product of photocurrent and photovoltage that act on the external load. For a fixed light intensity, 

the photovoltaic device produces maximum power (Pmax) when this load is optimized. The 

optimum load can be determined by recording the Current-Voltage (IV) characteristic of the 

photovoltaic device under illumination (Figure 3). In this case the applied voltage sweep effectively 

simulates the presence of different loads. The Maximum-Power Point (MPP) marks the conditions 

for an optimum load. 

 

Figure 3. Current-Voltage (IV) characteristic of a TQ1:PC71BM organic photovoltaic device. 

The power conversion efficiency (PCE) of the photovoltaic device is typically estimated at the 

maximum-power point. The PCE is defined as the ratio between the maximum output power (Pmax) 

of the photovoltaic device and the power of the incident light (Pin) 

 𝑃𝐶𝐸 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛

=
𝑗𝑀𝑃𝑃𝑉𝑀𝑃𝑃

𝑃𝑖𝑛

 (1) 

where jMPP and VMPP refer to the output photocurrent density and the applied voltage at the 

maximum-power point, respectively. 

Nevertheless, it is often useful to know how the measured solar cell compares to an idealized solar 

cell. Hence, the PCE is often defined by other points on the IV curve. In particular, with respect to 

those where the output power is equal to zero. This occurs at two points on the IV curve. The point 

where the applied voltage is equal to zero corresponds to short-circuit conditions, e.g. no load in 

the external circuit. The photocurrent density recorded at this point is referred to as the 

short-circuit density (jSC). When the applied voltage is such that the recorded photocurrent is equal 

to zero, e.g. an infinitely high load, this point is referred to as the open-circuit voltage (VOC). The 
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product of short-circuit density and open-circuit voltage define the maximum power attainable by 

an idealized solar cell.  

The ratio 

 𝐹𝐹 =
𝑗𝑀𝑃𝑃𝑉𝑀𝑃𝑃

𝑗𝑆𝐶𝑉𝑂𝐶

 (2) 

is referred to as the fill factor (FF) and quantifies how close to ideal the measured solar cell is 

(given its jSC and VOC). A perfect solar cell would have a square-like IV curve. In that sense, the FF 

quantifies the ‘squareness’ of the IV curve. 

Using these quantities the PCE is then 

 𝑃𝐶𝐸 =
𝐹𝐹𝑗𝑆𝐶𝑉𝑂𝐶

𝑃𝑖𝑛

 (3) 

The added benefit of this definition is that all three IV parameters are related to the physical 

properties of the photoactive layer. As will be explained in the next section, the short-circuit 

density (jSC) depends on the number of photo-generated charges that are successfully extracted 

from the photovoltaic device. The open-circuit voltage (VOC) is related to the fraction of the 

photon’s energy that the photovoltaic device converts to electrical energy. Any photovoltaic 

device that makes the best use of the incident photons has a high power conversion efficiency.  
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2.2 Absorption of the Solar Spectrum 

To compare the performance of different photovoltaic technologies, a standard solar illumination 

spectrum is used for device characterization, commonly referred to as the AM1.5g solar spectrum 

(Figure 4). The label AM1.5g refers to absorption losses, e.g. due to water and oxygen, as sunlight 

passes the earth’s atmosphere; and a correction for the yearly-averaged angle of incidence at 

mid-latitudes.  

To make the most use of the incident solar spectrum, the thickness and the absorption of each 

layer in the photovoltaic device stack must be tailored for maximum absorption in the photoactive 

layer. The absorption coefficient of organic semiconductors is generally very high (104 cm-1), 

hence, a photoactive film that is just a few hundred nanometers thick is sufficient to absorb most 

of the photons above the optical gap of the photoactive layer. Thick photoactive layers are more 

desirable as they absorb more light, however, the optimal thickness is also set by electron-hole 

recombination, as described in the next section. The optimal photoactive layer thickness in OPV 

devices is typically 100 nm. 

 

Figure 4. The AM1.5g solar spectrum (shaded area) and the internal and external quantum efficiencies 

(IQE and EQE, respectively) of an optimized TQ1:PC71BM organic photovoltaic device. 
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2.3 Quantum Efficiency 

The ratio of the number of photons incident on the photovoltaic device (𝑛𝑝ℎ
𝑖𝑛 ) to the number of 

extracted electrons (𝑛𝑒
𝑜𝑢𝑡) defines the External Quantum Efficiency (EQE) of the photovoltaic 

device 

(6) 𝐸𝑄𝐸(𝜆) =
𝑛𝑒

𝑜𝑢𝑡(𝜆)

𝑛𝑝ℎ
𝑖𝑛 (𝜆)

 (4) 

which is typically measured at short-circuit conditions (U = 0V). This is important as, contrary to 

conventional inorganic solar cells, the EQE of an organic solar cell can be bias-dependent21. 

EQE is lower than 100% due to optical and electron-hole recombination losses. For example, a 

fraction of the incident photons may be lost to parasitic absorption in the electrodes. An additional 

fraction of the incident photons may be simply reflected by or transmitted through the 

photovoltaic device. In either case, optical losses decrease the number of extracted charges per 

incident photon, reducing the EQE of the photovoltaic device. Furthermore, not all of the photons 

absorbed in the photoactive layer may be successfully converted to extracted charges – a fraction 

of initial photoexcitations may decay to the ground state by electron-hole recombination, which 

further reduces the EQE of the photovoltaic device. 

Both optical and recombination losses affect the short-circuit density and thus the power 

conversion efficiency of the photovoltaic device. The EQE relates to short-circuit density as 

(6) 𝑗𝑆𝐶 = −𝑒 ∫ 𝑛𝑝ℎ
𝐴𝑀1.5(𝜆) 𝐸𝑄𝐸(𝜆)𝑑𝜆 (5) 

where e is the elementary charge and 𝑛𝑝ℎ
𝐴𝑀1.5(𝜆) is the photon flux density of the AM1.5g solar 

spectrum. Figure 4 shows the EQE of an optimized organic photovoltaic device based on the main 

material system investigated in this thesis (TQ1:PC71BM). The EQE drops to 0% at 750-800 nm due 

to the optical gap of TQ1:PC71BM. The short-circuit density is jSC = -10 mA cm-2. 

The ability of the photovoltaic device to successfully convert the photons absorbed in the 

photoactive layer to extracted charge carriers is characterized by the Internal Quantum Efficiency 

(IQE) of the device. In this case, only the photons that are absorbed by the photoactive layer (𝑛𝑝ℎ
𝑎𝑏𝑠) 

are counted 

(6) 𝐼𝑄𝐸(𝜆) =
𝑛𝑒

𝑜𝑢𝑡(𝜆)

𝑛𝑝ℎ
𝑎𝑏𝑠(𝜆)

 (6) 

This way losses to charge carrier recombination can be quantified. The IQE of optimized organic 

solar cells is generally higher than 80%, regardless of the absorbed photon energy22. This is also 

the case for the optimized TQ1:PC71BM device, with a mean IQE ≈ 83%. Hence, in this case, ≈ 17% 

of the photons absorbed in the TQ1:PC71BM photoactive layer are lost to charge carrier 

recombination, whereas the remaining majority of the absorbed photons (≈ 83%) are successfully 

extracted as charges. 
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2.4 Photo-generated Carrier Thermalization 

In an inorganic solar cell, following the absorption of a high energy photon, the photo-generated 

electron initially resides at an energy higher than the conduction band edge (Figure 5). The same 

is true for the photo-generated hole, which is initially situated at an energy higher than the valence 

band edge. Both the electron and the hole are thus initially situated at relatively high-energy sites 

in their respective Density of States (DOS). 

 

Figure 5.  Photo-created electrons and holes rapidly lose energy by thermalization. The presence of 

localized sites may lead to further thermalization (depends on carrier trap/release rates). 

Since there are many DOS sites at a lower energy, the excess energy from the photon is quickly 

dissipated as heat by a step-wise release of phonons. The photo-generated carriers thermalize to 

their respective band edge. Thermalization typically completes in less than a picosecond10,11. 

Therefore, any photovoltaic device that would make use of the energy stored in the 

non-thermalized carrier populations, i.e. a hot carrier solar cell, must extract the photo-generated 

carriers before they thermalize, e.g. within a time scale shorter than 1 ps. A hot carrier solar cell 

with a power conversion efficiency relevant for practical applications has not been demonstrated 

yet23. Hence, in conventional solar cells, the excess photon energy is simply lost to thermalization. 

This is one of the main losses in single-junction photovoltaic devices. The remaining electron-hole 

pair energy that the photovoltaic device can convert to electrical energy is then set by the bandgap 

of the semiconductor. 

A high bandgap semiconductor would have minimal thermalization losses at the expense of 

absorbing very few photons (the incident solar spectrum contains few photons at high photon 

energies). In contrast, a low bandgap semiconductor would absorb a large portion of the solar 

spectrum, but the remaining energy per electron-hole pair would be reduced significantly by large 

losses to thermalization. There exists an optimum bandgap, first derived by Shockley and Quisser 

(Eg ≈ 1.0-1.5 eV)4. Therefore, any material intended for photovoltaic applications should have a 
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similar optical gap. The highest efficiency inorganic solar cell materials, e.g. crystalline silicon 

(Eg = 1.1 eV) and Galium Arsenide (GaAs) (Eg = 1.4 eV), have the desirable bandgap. Materials 

intended for OPV are tailored by chemical synthesis to have an optical gap that maximizes the 

power conversion efficiency. 

Even at the close-to optimum bandgap, loses to thermalization are significant. Figure 6 illustrates 

the fraction of the solar spectrum irradiance that is converted by an idealized solar cell with a 

bandgap of crystalline silicon (Eg = 1.1 eV). The solar cell is assumed to convert every single photon 

that is absorbed to electrical power, only losses to thermalization and to the transmission of 

photons are accounted for. In real crystalline silicon (c-Si) solar cells, thermalization and 

transmission losses reduce the maximum attainable electrical power by approximately 

33% (thermalization) + 26% (transmission) = 59% (total)9. These are the main losses in optimized 

single-junction photovoltaic devices. 

 

Figure 6. The fraction of the incident AM1.5g solar spectrum (light grey), converted to electrical power 

by an idealized solar cell with a bandgap of c-Si (dark grey), is reduced when localized sites are present 

in the bandgap (orange). Generally, localized sites are weakly absorbing, reducing the maximum 

attainable power further (orange patterned). 

Amorphous semiconductors, e.g. amorphous silicon (a-Si), also contain localized trap states that 

extend into the bandgap24,25. The photo-generated carriers may then thermalize to these low lying 

sites26 (Figure 5). The exact energetic position of the photo-generated carriers in an illuminated 

semiconductor with an arbitrary distribution of localized sites has been derived analytically by 

Simmons et al. (ref. 27). Regardless of the trap distribution, this effectively lowers the bandgap of 

the semiconductor – thermalization to low lying sites reduces the maximum attainable electrical 

energy per electron-hole pair28 (Figure 6).  
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For a Gaussian distribution of traps with a standard deviation of σ, the mean energy of the 

thermalized carrier distribution in the Boltzmann limit, i.e. in the limit of low carrier densities, is 

positioned at σ2/kT below the band edge (Figure 5). For disordered organic solar cells this typically 

amounts to σ2/kT ≈ 100-400 meV, and is one of the main factors limiting the power conversion 

efficiency of organic solar cells29. 

Generally speaking, absorption via localized sites is very weak, e.g. this is well known for a-Si24,25. 

In this case the semiconductor effectively has the same optical gap as without localized sites, 

however, the photo-generated carriers can thermalize below the optical gap. The net effect is an 

overall similar absorption of the solar spectrum but a reduced electron-hole pair energy. This 

reduces the maximum attainable electrical power even further (Figure 6 patterned area).  

Therefore, any material disorder leading to localized sites below the band edges is undesirable for 

photovoltaic applications27–29. Unfortunately, organic solar cells are quite disordered and also 

display weak optical transitions below the optical gap. In organic solar cells weak optical 

transitions occur by the absorption of photons in the charge-transfer (CT) state manifold, as 

described in the chapter on organic solar cells (chapter 3). 
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2.5 Conversion to Electrical Energy 

The photovoltaic device converts the electron-hole pair energy, set by the energy of the hole and 

the electron in their respective DOS, to electrical energy according to the laws of 

thermodynamics9. The conversion of electron-hole pair energy to electrical energy leads to 

entropy production9,30. Hence, the actual electrical energy that the photovoltaic device can 

deliver, when a photo-generated electron-hole pair is extracted, is less than the difference in the 

electron and hole energies (to be precise, less than the total enthalpy of the electron-hole pair). A 

fraction of the photon’s energy is thus lost to entropy production. 

By considering a semiconductor under steady-state illumination, it can be shown that the 

maximum amount of electrical energy that the photovoltaic device can harvest from the 

photo-generated electron-hole pairs is related to the quasi-Fermi level splitting under open-circuit 

conditions9 

(6) 𝐸𝐹𝑛 − 𝐸𝐹𝑝 = 𝐸𝑒𝑓𝑓 − 𝑘𝑇 𝑙𝑛 (
𝑁𝐶𝐵𝑁𝑉𝐵

𝑛𝑒𝑛ℎ
) = 𝑒𝑉𝑂𝐶 (7) 

where e is the elementary charge, EFn and EFp are the quasi-Fermi levels for the photo-generated 

electron and hole populations, respectively, Eeff is the effective bandgap of the semiconductor, ne 

and nh are the photo-generated electron and hole densities, respectively, NCB and NVB are the 

effective density of states in the conduction and valence bands, respectively. The quasi-Fermi level 

splitting at open-circuit conditions and thus the maximum electrical energy that the photovoltaic 

can harvest under continuous illumination is indicated in Figure 5.  

The splitting of the quasi-Fermi levels is equal to the open-circuit voltage (VOC) of a continuously 

illuminated photovoltaic device. Hence, the VOC of an illuminated solar cell can be determined by 

either an IV scan or by a simple measurement using a voltmeter, which acts as an infinite load.  

The amount of energy lost to entropy production is set by the effective density of states in the 

valence and conduction bands (NVB and NCB, respectively), which are complicated functions of 

energy30. The effective density of states are clearly defined only for semiconductors where the 

photo-generated carriers can be described using effective masses, which is not the case for 

disordered organic solar cells. Nevertheless, organic solar cells generally follow the same VOC 

dependence on temperature and carrier density. The analytical expression describing the 

open-circuit voltage in organic solar cells has been first derived and experimentally tested by 

K. Vandewal et al. (refs 31,32). 

Note that VOC is logarithmically dependent on carrier density. Thus, materials with low charge 

carrier recombination losses are desirable for photovoltaic applications33. 
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3 Donor/Acceptor Organic Solar Cells 

 

The photoactive layer in the earliest generation of OPV devices was based on a single organic 

semiconductor material, sandwiched between a transparent and a reflective electrode, in analogy 

to inorganic solar cells (Figure 7). However, the power conversion efficiency of such devices is 

generally very low, mainly due to the large exciton binding energy in organic semiconductors. The 

high exciton binding energy originates from the strong charge carrier localization and the low 

dielectric constant in organic semiconductor films (typically ε ≈ 3.5), and thus a poorly screened 

Coulomb interaction of the photo-generated electron-hole pair. This results in a strongly bound 

Frenkel exciton, which, at temperatures and electric field strengths present in OPV devices, cannot 

be efficiently dissociated into charges. 

 

Figure 7. (a) Single-layer, (b) bilayer and (c) bulk heterojunction organic solar cells. 

The first major conceptual breakthrough came in 1986, when C. W. Tang has introduced the 

bilayer organic solar cell34. The top photoactive layer consisted of organic molecules with electron 

donating character (the donor), whereas the bottom photoactive layer was based on organic 

molecules with an electron accepting character (the acceptor). In this case the excitons 

photo-generated in either the donor or the acceptor layer diffuse to the donor/acceptor interface 

to be separated into charges (see Figure 8 on the next page). The difference in material 

electronegativity/ionization potential at the interface between the donor and the acceptor 

provides the necessary driving force for efficient electron/hole transfer. Following exciton 

dissociation, the photo-generated holes are transported to the extracting electrode via the donor, 

whereas the electrons are extracted via the acceptor. 

The holes are transported via the Highest Occupied Molecular Orbital (HOMO) levels in the donor 

phase, whereas the electrons are transported via the Lowest Unoccupied Molecular Orbitals 

(LUMO) levels in the acceptor phase (see Figure 8 on the next page). The HOMO and LUMO levels 

are analogous to the valence and conductions bands in inorganic semiconductors, however, the 

charge transport mechanisms in organic semiconductors are in many ways different from 

inorganic materials. Charge transport in organic semiconductors is discussed in chapter 4. 
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The introduction of the donor/acceptor interface has resulted in an orders of magnitude increase 

in the PCE compared to single-layer OPV devices (C. W. Tang reported PCE 1%). However, due to 

the limited exciton diffusion length in organic semiconductors (typically less than 20 nm)35, the 

total thickness of the bilayer organic solar cell is limited. Hence, an optimized bilayer absorbs little 

light, limiting photocurrent generation and thus the PCE of the bilayer OPV device. 

 

Figure 8. Schematic of the operation of a bilayer organic solar cell. The same schematic can be used to 

explain the operation of a bulk heterojunction organic solar cell. Although in the schematic the exciton 

is photo-created in the donor phase (red), similar processes take place when the exciton is 

photo-created in the acceptor (blue). First, exciton diffusion to the donor/acceptor interface occurs, 

followed by electron transfer to the acceptor. After photo-induced charge transfer, the 

photo-generated electron-hole pair remains Coulombically bound and temporarily forms a 

charge-transfer (CT) exciton. The photo-generated carriers then separate and are transported to their 

respective electrodes: electrons via the LUMO levels in the acceptor, holes via the HOMO levels in the 

donor. The HOMO and LUMO levels are broadened by energetic disorder, as indicated by the colored 

Gaussian Density of States (DOS). As the photo-generated carriers are transported to the electrodes, 

thermalization in the disorder broadened DOS occurs (black arrows in the bottom-right schematic). 
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3.1 Bulk Heterojunction 

The second major conceptual breakthrough came in 1995, when the bulk heterojunction (BHJ) 

organic solar cell was introduced almost simultaneously by two groups36,37. Most modern organic 

solar cells, including the ones studied in this thesis, are based on the BHJ concept. The BHJ consists 

of a disordered mixture of electron donating and accepting materials, resulting in a large number 

of donor/acceptor interfaces distributed throughout the bulk of the photoactive layer (Figure 7c). 

The donor and acceptor materials are said to form an interpenetrating donor/acceptor network. 

In a BHJ the likelihood for an exciton to find a nearby donor/acceptor interface is generally very 

high. Therefore, most of the photo-created excitons reach the donor/acceptor interface and 

dissociate into charges. Since the entire volume of the BHJ contributes to exciton dissociation, the 

BHJ configuration enables the use of thicker OPV films compared to a bilayer configuration, thus 

absorbing more light.  

However, the extraction of photo-generated charges from such a disordered BHJ mixture is more 

challenging than in a bilayer configuration. In addition, the large number of donor/acceptor 

interfaces promotes electron-hole recombination. The complex hierarchical arrangement of the 

donor and acceptor materials in the BHJ, i.e. the morphology of the photoactive layer, must be 

thoroughly optimized for maximum photovoltaic performance. Nevertheless, even optimized BHJs 

are limited to a thickness of less than a few hundred nanometers (typically 100 nm is used) due 

to charge carrier recombination and charge transport limitations. The processes taking place in a 

BHJ solar cell are summarized in Figure 8 and are discussed in more detail in the following sections. 

 

3.2 Exciton Dissociation 

In most OPV systems the initial photo-induced electron (or hole) transfer from the donor to the 

acceptor (or vice versa) occurs in less than a picosecond38,39. Although following ultrafast 

photo-induced charge transfer the photo-generated charges are somewhat spatially separated, 

they remain Coulombically bound. If the mutual Coulomb interaction is not overcome in time, 

electron-hole recombination commences. In this case the electron-hole pair originates from the 

same Frenkel exciton, the recombination of such an electron-hole pair is often termed as geminate 

or monomolecular (see Figure 8). 

Efficient exciton dissociation occurs when the conditions at the donor/acceptor interface are 

favorable. This is facilitated by an appropriate choice of materials with suitable HOMO and LUMO 

levels. The general rule of thumb is that a driving force, i.e. a difference in the HOMO levels (for 

hole transfer) or the LUMO levels (for electron transfer), of 0.1-0.3 eV is required for efficient 

exciton dissociation. This difference is thought to correspond to the binding energy difference 

between the Frenkel exciton and the charge-transfer (CT) exciton that forms following charge 

transfer (Figure 8). Since a fraction of the photon’s energy (0.1-0.3 eV) must be dissipated to 
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enable exciton dissociation, this reduces the amount of electrical energy that an organic solar cell 

can harvest per electron-hole pair. Concomitantly, the VOC of an organic solar cell is generally lower 

by at least 0.1-0.3 eV compared to an inorganic solar cell with the same optical gap. New 

materials, enabling efficient charge separation with negligible driving force40,41, have been 

developed and show improved VOC
41. The future of BHJ organic solar cells relies on such materials. 

 

3.3 Charge Carrier Recombination 

In efficient OPV systems used today, geminate recombination is insignificant. Most of the initial 

photoexcitations rapidly generate photo-generated charges that are then transported to the 

electrodes40,42,43. This is also the case for the OPV systems studied in this thesis. For the time scales 

investigated here, photo-induced charge transfer may be considered as instantaneous. 

Nevertheless, the mechanism responsible for efficient charge separation on ultrafast time scales 

remains debated. 

Following ultrafast exciton dissociation, the photo-generated charges are transported to the 

electrodes (Figure 8). Although electron and hole transport mostly takes place in different 

materials, due to the large number of donor/acceptor interfaces in the BHJ, the likelihood for the 

photo-created carriers of opposite sign to meet is quite high. Upon meeting at the donor/acceptor 

interface, the electron and the hole form a charge-transfer (CT) exciton, which may dissociate into 

charges, or decay to the ground state44.  

Recombination between photo-generated carriers originating from different photoexcitations is 

referred to as non-geminate (Figure 8). The presence of non-geminate recombination can be 

identified using transient techniques by following the decay in the photo-generated carrier 

density. For non-geminate recombination the decay is bimolecular 

(6) 
𝑑𝑛(𝑡)

𝑑𝑡
= −𝐵𝑛𝑒(𝑡)𝑛ℎ(𝑡) (8) 

where B is the bimolecular recombination coefficient, ne(t) and nh(t) are the photo-generated 

electron and hole densities, respectively. This is the main recombination mechanism limiting the 

thickness of efficient OPV devices. 

Note that both the short-circuit density (jSC) and the open-circuit voltage (VOC) are limited by carrier 

recombination (sections 2.3 and 2.5). Therefore, carrier recombination sets the maximum 

attainable power conversion efficiency of the photovoltaic device. The properties of the CT state 

dictate both the rate of electron-hole recombination and the energetic position where 

recombination takes place, as discussed in the next section. 
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3.4 Charge-Transfer (CT) States 

In organic solar cells both exciton dissociation and charge carrier recombination take place at the 

donor/acceptor interface. In both cases the electron and the hole are situated on adjacent sites, 

temporarily forming a CT state. Since the properties of the CT state dictate electron-hole 

recombination and thus the power conversion efficiency of the organic solar cell, they are central 

to the overall performance of the organic solar31,32. 

Due to BHJ disorder, differences in molecular orientations and molecular vibrations at each 

donor/acceptor interface, each CT state is expected to be different – the CT states are distributed 

in energy and are said to form a CT manifold. It turns out that CT states have distinct optical 

signatures and can be probed by spectroscopic tools45–47. 

 

Figure 9. Sensitive EQE and absorption measurements reveal weak optical transitions in the CT 

manifold. Even charges photo-generated in the CT manifold are dissociated efficiently (IQE > 80% for 

TQ1:PC71BM). The vertical dashed line indicates the optical gap of TQ1:PC71BM. 

Figure 9 shows sensitive EQE and absorption measurements on a logarithmic y-axis, where the 

weak optical transitions originating from absorption in the CT state manifold are visible. It turns 

out that efficient charge generation, i.e. CT exciton dissociation, can occur by direct excitation in 

the CT manifold (IQE > 80%) even at photon energies below the optical gap of the organic solar 

cell (vertical dashed line). This has been shown and is generally accepted to be the case in all 

optimized OPV systems22. Nevertheless, absorption in the CT manifold is generally very weak and 

does not contribute to photocurrent generation, e.g. at 1.4 eV only 1 photon from the incoming 

104 is converted to extracted charge. 
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3.5 Open-Circuit Voltage 

The open-circuit voltage in organic solar cells has been shown to correlate with the energetic 

position of the CT manifold31,32, commonly referred to as the energy of the CT state (ECT), marked 

in Figure 9. With respect to VOC, the energy of the CT state plays the same role as the bandgap in 

inorganic solar cells32. In other words, the CT state acts as an effective bandgap (Eeff) of the organic 

solar cell. 

The difference between the optical gap and the energy of the CT state is a measure for the driving 

force for exciton dissociation. The optical gap of TQ1:PC71BM is ≈ 1.7 eV, whereas the energy of 

the CT state is ≈ 1.4 eV, corresponding to a driving force of ≈ 0.3 eV in TQ1:PC71BM (for an electron 

transfer from the polymer donor to the acceptor). Since the CT energy is generally lower than the 

optical gap, this effectively lowers the electrical energy that the organic solar cell can harvest per 

electron-hole pair, and hence limits VOC. 

The situation is quite similar to that in amorphous inorganic solar cells, e.g. amorphous silicon, 

where absorption by localized sites, situated below the optical gap, is similarly weak24,25. The 

presence of localized sites below the optical gap lowers the energy that the photovoltaic device 

can harvest per electron-hole pair and thus limits the open-circuit voltage28,29. The presence of 

weakly absorbing CT states is one of the main reasons why the open-circuit voltage in many of the 

organic solar cells is much lower than in inorganic solar cells with the same optical gap33. 

Due to the above, the presence of a spectrally broad CT manifold is generally undesirable. EQE 

spectra resembling that of crystalline silicon, with a sharp onset at the optical gap of the 

semiconductor, would be best. The energy of the CT state would then correspond to the optical 

gap of the organic solar cell. Current research efforts are thus intensely focused on tailoring the 

properties of the CT state at the donor/acceptor interface for further improvements in 

open-circuit voltage48. In fact, recently reported high efficiency OPV materials do show CT energies 

that are almost identical to the optical gap41, significantly improving the open-circuit voltage. The 

next generation of high efficiency OPV materials is thus expected to have efficient exciton 

dissociation with a negligible driving force and a CT energy equal to the optical gap, leading to 

improved VOC. 
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4 Non-Equilibrium Charge Motion 

 

Following photoexcitation, the processes taking place in an organic solar cell occur at different 

time scales, as indicated in Figure 8 describing the BHJ. The extraction of photo-generated charges 

is a dynamic process spanning a temporal range of roughly 0.1 ps – 10 µs. 

In analogy to inorganic solar cells, it is generally assumed that, once exciton dissociation takes 

place, photo-generated carrier thermalization completes before any significant charge transport 

has occurred. Following ultrafast thermalization, the photo-generated carriers are then 

transported to the electrodes at quasi-equilibrium energies in their respective DOS. In inorganic 

semiconductors (without localized traps extending into the bandgap) this assumption is 

experimentally justified, e.g. in c-Si photo-generated carrier thermalization occurs within a time 

scale of less than 1 ps (ref. 10,11). Despite lack of proof, photo-generated carrier thermalization 

in organic solar cells is often assumed to also occur very rapidly. 

Due to the large disorder typical for organic semiconductors, this should not be the case. This is in 

fact well known in the literature, describing the motion of photo-created charges in disordered 

inorganic semiconductors, e.g. in amorphous inorganic solar cells, containing a distribution of 

localized trap sites extending into the semiconductor bandgap26,49,50. Photo-generated carrier 

thermalization to low lying localized sites occurs over significantly longer time scales. 

Furthermore, the gradual trapping of the photo-generated carriers to lower lying localized sites 

leads to a time-dependent carrier mobility, which decreases with time following photoexcitation. 

Due the weak intermolecular coupling and large disorder, charge transport in organic solar cells 

also takes places via a broad distribution of localized sites, and should therefore also occur 

gradually, over time scales longer than 1 ps. 

Carrier thermalization in disordered organic solids has been quite extensively studied in the past, 

mostly by time-of-flight (TOF) mobility measurements12. Arguably the most successful theoretical 

model, rationalizing those findings, was developed by H. Bässler12. The model describes charge 

motion in a Gaussian distribution of localized sites (as explained in the next section) and can 

predict the dynamics of carrier thermalization (Figure 10). However, due to the limited temporal 

range of TOF measurements, the model predictions are difficult to confirm over the full range of 

relevant time scales in OPV devices. 

The development of new experimental techniques has extended the accessible temporal range 

quite significantly. Figure 11 shows typical carrier mobility values found in various OPV     

systems12–20,51–57, as estimated by the indicated experimental technique (each technique is 

described in the following chapters). The trend in the mobility data strongly resembles the gradual 

thermalization of photo-created charges, shown in Figure 10. 
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The results presented in the following chapters show that charge extraction in disordered organic 

solar cells is completely dominated by non-equilibrium processes, governed by the gradual 

thermalization of the photo-generated charges. Generally speaking, the notion that carrier 

thermalization in OPV devices is incredibly fast, is incorrect. In fact, since thermalization can take 

as long as 10 µs to complete, the photo-generated charges can be extracted before reaching 

quasi-equilibrium. 

 

Figure 10. Photo-generated carrier thermalization in a disordered organic semiconductor, according 

to the Gaussian Disorder Model (GDM) developed by H. Bässler. Reproduced with permission (ref. 12). 

 

Figure 11. Schematic of the typical charge carrier mobility values in OPV, obtained by the indicated 

experimental technique. The indicated values not a fully exact representation of the literature data are 

only intended as a guide to the eye. The observed trend closely resembles the gradual thermalization 

of photo-generated carriers as suggested by the Gaussian Disorder Model (GDM) in Figure 10. EA 

stands for Electro-Absorption16,51. EA was not used in this thesis and is only shown for completion. 
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4.1 Gaussian Disorder Model (GDM) 

All of the experimental data presented in this thesis is interpreted in the framework of the 

Gaussian Disorder Model (GDM)12,58, which has been successfully utilized to explain charge 

transport in a large variety of organic semiconductors59–62. This chapter is intended as a brief 

introduction to the model, highlighting its main features and assumptions. Although the concepts 

are illustrated for a polymer film, the same reasoning can be applied to small-molecule-based films 

or mixtures of polymers and/or small molecules. 

The model describes charge motion in a disordered energy landscape, e.g. hole transport in the 

polymer donor phase (Figure 12a). Chemical and physical defects, chain kinks and chain ends break 

the polymer chain into subunits or ‘conjugated units’. These conjugated units serve as electronic 

sites for charge transport (Figure 12b). Due to disorder, the wavefunctions at each site are strongly 

localized, as first elucidated by Anderson63. This is the origin of the relatively low conductivity in 

organic semiconductors. 

Nevertheless, charge transport between localized sites can occur by thermally activated tunneling, 

commonly referred to as carrier hopping (Figure 12c). The hopping rate from an initial state i with 

energy Ei to a final state f with energy Ef can be described by the Miller-Abrahams expression64, 

which is based on a phonon-assisted tunneling mechanism 

(6) 𝜈𝑖𝑓 = {
𝜈0𝑒𝑥𝑝(−2𝛼𝑟𝑖𝑓)𝑒𝑥𝑝 (−

𝐸𝑓 − 𝐸𝑖

𝑘𝑇
)     𝑖𝑓 ∆𝐸 > 0

𝜈0𝑒𝑥𝑝(−2𝛼𝑟𝑖𝑓)                                   𝑖𝑓 ∆𝐸 ≤ 0
 (9) 

where ν0 is the carrier attempt-to-hop frequency, generally understood to be related to some 

phonon frequency in the material, rif is the distance between the localized sites, k is the Boltzmann 

constant, T is the temperature, 𝛼 describes the decay length of the localized wavefunctions. 

Typically 𝛼-1  0.1 nm is used, meaning that the charge carriers are strongly localized on a single 

site and that only nearest-neighbor hopping is possible. The justification of this are experimentally 

determined values for TNF:PVK (𝛼-1 ≈ 0.11 nm)65 and for P3HT and OC1C10-PPV (𝛼-1 ≈ 0.15 nm)59. 

In paper V we show that 𝛼-1 = 1 nm is also possible, enabling long-range hopping. In case of an 

externally applied electric field, the exponent with the sites energies E also includes the 

electrostatic energy term. 

To describe the transient experiments with the least number of unknown parameters, the 

inter-site distance was not explicitly accounted for in this thesis, i.e. the exponential term 

describing the distance dependence was implicitly included in ν0. 

Generally speaking, placing a charge on a molecular site will deform the molecule and its 

environment. A charge in combination with the distortion of the charge’s environment is called a 

polaron. In this thesis polaronic effects were not accounted for – carrier hopping was described 

by the Miller-Abrahams rate.  
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The energy distribution of the localized sites through which hopping takes place is assumed to be 

Gaussian 

(6) 𝑓(𝐸𝑖) =
1

√2𝜋𝜎2
exp (−

(𝐸𝑖 − 𝐸0)2

2𝜎2
) (10) 

Where Ei is the single particle energy on site i, E0 is the mean energy and σ is the standard deviation 

of the Gaussian DOS or simply the energetic disorder. An exponential DOS may be used instead, 

however, for the OPV materials studied in this thesis the Gaussian DOS was found to fit the 

experimental data best. In this thesis materials with energetic disorder values spanning the range 

σ = 60-140 meV, which is typical for organic semiconductors, have been investigated. 

 

Figure 12. Schematic description of the Gaussian Disorder Model (GDM). The polymer chains in (a) can 

be subdivided into conjugated units or hopping sites, shown in (b), via which charge transport (red 

arrow) takes place. (c) The GDM model represents the electronic sites as a grid, where the site energies 

are drawn from a Gaussian distribution according to Equation 10. Note that the energy axis in the 

top-right Figure corresponds to electron energy (Ee), hole hopping in this case occurs from top to 

bottom. 

The spatial arrangement of the polymer chains, i.e. the film morphology, determines the spatial 

distribution of the electronic sites. Unfortunately, such spatial distributions are not directly 

accessible by experiments. Hence, the GDM model relies on a further simplification. The electronic 

sites are instead represented as a grid with an effective inter-site distance ann, typically in the 



25 
 
 

range of ann = 0.3-2 nm (ref. 60). This approach has worked remarkably well for a large number of 

organic semiconductors. In this thesis ann = 1.8 nm was used, on basis of earlier work where 

experiments were fitted by the GDM model66,67. 

Nevertheless, by mapping the multi-length scale morphology of the polymer film to a grid, 

morphology specific information is to a large extent lost – differences in the physical properties 

between disordered and ordered regions are not explicitly accounted for. Hence, the GDM 

parameters, such as the inter-site distance ann, the attempt-to-hop frequency ν0 and the energetic 

disorder σ, represent the average or effective values over the entire film. This approximation is 

most suitable for amorphous polymer films, i.e. without large semi-crystalline domains. Therefore, 

the main system studied in this thesis was chosen to be TQ1:PC71BM – a well inter-mixed and 

amorphous donor-acceptor blend68. 

The GDM model is a crude description of ultrafast, and in literature suggested to be coherent39,69, 

phenomena occurring on a femtosecond to picosecond time scale. In addition, charge transport 

at the shortest time scales is expected to take place along the polymer backbone18, which is not 

explicitly accounted for by the GDM model. Models incorporating the spatial arrangement of the 

polymer chains have been proposed70. Although GDM is a rough approximation of the phenomena 

occurring at the earliest time scales, the main purpose of the model is not to fit a limited temporal 

range. The main purpose of the model is to use a single framework that describes a large number 

of transient experiments, spanning a wide range of times, and to accomplish this by the least 

number of parameters, most of which can be determined from experiments. 
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4.2 Thermalization According to the GDM framework 

Within the framework of the GDM model, photo-generated carrier thermalization takes place by 

carrier hopping between localized sites. This implies that carrier thermalization can only take place 

by hopping motion. Since on-site carrier thermalization is expected to be very fast, i.e. occur in 

less than a picosecond71,72, for the time scales investigated here, it can be considered as 

instantaneous. Only inter-site thermalization is considered in this thesis. 

According to the Miller-Abrahams expression (page 23), hops that are downward in energy 

(ΔE < 0), such as during the initial stages of carrier thermalization, occur at a considerably higher 

rate than upward hops. This is because downward hops are not subject to the ‘Boltzmann 

prefactor’, which reduces the hopping rate for upward hops (ΔE > 0). Therefore a charge carrier 

initially positioned at an energy E0 will rapidly thermalize to lower energy sites and eventually to 

its quasi-equilibrium energy, which is σ2/kT away from the Gaussian DOS center (in the Boltzmann 

limit). Paper III shows that for sufficiently thin OPV films (100 nm) the photo-generated carriers 

can be extracted from the OPV device before full thermalization takes place. 

 

Figure 13. Simulated motion of a photo-created electron in TQ1:PC71BM, initially positioned at [0 0 0]. 

The electric field (0.2V / 100nm, corresponding to MPP conditions) is driving the electron downwards 

(to negative z values), however, it has little effect at early time scales (<1 ns in this case). Most of the 

excess photon energy is lost by fast diffusion-dominated motion (red), followed by a slower and 

smaller loss during drift-dominated extraction (blue). The color bar only shows two colors for clarity. 
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Figure 14. Schematic description of photo-generated carrier thermalization in an OPV device. First, 

most of the excess energy (1-2σ) is lost by fast diffusive motion, as indicated by the red hopping arrow 

going back and forth. At later time scales, the drift component of motion gradually becomes more 

important and directed transport to the extracting electrode begins (blue arrows). During transport to 

the electrode, the remainder of the excess energy is continuously, but not entirely, lost to further 

thermalization. The photo-generated carriers are typically extracted before reaching quasi-equilibrium 

at σ2/kT. Adapted with permission from ref. 57. 

Paper III also shows that photo-generated carrier thermalization in OPVs is a two-step process 

(Figures 13 and 14). At early time scales (1–100 ns) a substantial amount of energy (1-2σ) is 

dissipated by fast diffusive motion (red in Figures 13 and 14), during which most of the hops occur 

downward in energy57. TREFISH measurements performed by other groups have shown that the 

initial charge separation process on a picosecond to nanosecond time scale is indeed driven by 

diffusion in an energetically disordered medium73. In addition, measurements performed on neat 

polymer films have revealed that initial thermalization is temperature-independent74. This was 

rationalized by the GDM model, where carrier hopping, following the earliest time scales after 

photoexcitation, occurs downward in energy and does not require thermal activation. The 

diffusion part of the energy loss to thermalization can be minimized only by reducing the energetic 

disorder of the material. 

In contrast, at later time scales, an increasing number of upward hops occurs and thermalization 

slows down considerably (blue in Figures 13 and 14). This observation is supported by earlier 

TREFISH measurements on neat polymer films, showing that at longer time scales following 

photoexcitation charge carrier motion becomes temperature-dependent74. At longer time scales 

an increasing number of (thermally activated) upwards hops is required for transport. In this case 

also, reducing the energetic disorder would minimize the losses to thermalization.  
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5 General Considerations for Time-resolved Measurements 

 

Non-equilibrium charge motion in OPV devices can be probed by a variety of techniques. All 

transient techniques share common features. Some of those features are particularly instructive 

and are discussed in this chapter. 

Experiments probing the dynamics of photoexcited species in organic solar cell materials are 

typically performed either on films coated on transparent insulating substrates, or on complete 

photovoltaic devices, i.e. ‘films with electrodes’ (Figure 15a). Each approach has its own merits 

and drawbacks, as will be discussed below. In most cases the basic measurement scheme is: an 

optical pump beam is absorbed by the OPV film and creates photo-excited species, the dynamics 

of these species and the altered properties of the OPV film are subsequently monitored by the use 

of a time-delayed optical probe beam. The measurement range depends on the signal-to-noise 

ratio in the detected optical probe. 

Transient measurements on complete photovoltaic devices, e.g. films with electrodes, are 

preferable. This is mostly because transient data can then be directly compared to steady-state 

OPV device characteristics on the same device, enabling one to check whether the transient data 

represents the conditions relevant for steady-state OPV device operation. In addition, the 

presence of the electrodes may (or may not) alter the dynamics of the photoexcited species in the 

film. By measuring complete OPV devices, effects due to the presence of the electrodes are 

included in the monitored dynamics. Electrodes also allow for bias-dependent measurements and 

for the detection of time-resolved electrical signals, such as transient photocurrent, providing 

complementary information to optical probing. 

OPV devices generally have only one semi-transparent electrode that allows for the light to enter. 

After traversing the OPV film the probe beam is reflected at the metallic contact and can be 

collected by a detector in ‘reflection mode’. Although this is a common measurement geometry, 

it is fairly limited in the sense that the OPV device can only be photoexcited and probed from the 

same side. In this thesis semi-transparent OPV devices42 were often employed instead, where both 

electrodes are semi-transparent, enabling one to change the side at which the photoexcitation or 

the probe beam are incident on the OPV device. An example, illustrating the advantages of using 

semi-transparent OPV devices, is given in chapter 6. 

Nevertheless, measurements on complete OPV devices are not always possible. For example, 

Time-Resolved Terahertz Spectroscopy (TRTS) or Time-Resolved Microwave Conductance (TRMC) 

measurements require insulating substrates, and typically quartz is used. In this case the optical 

probe is detected in ‘transmission mode’ after traversing the OPV film (Figure 15b). The advantage 

of not having electrodes is ease of sample preparation – the OPV film is simply coated on a suitable 

pre-cleaned substrate. 
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However, coating the film on quartz (or glass), does not guarantee the same OPV film morphology 

as in the corresponding OPV device. This is because the surface energy of the quartz (or glass) 

substrate is likely different compared to that of the substrate used for the OPV device, possibly 

resulting in a different OPV film morphology. Care has to be taken. 

Here, this issue was resolved by coating a monolayer of an interface material PFPA-1 (ref. 75) prior 

to OPV film deposition, both during OPV device fabrication and whenever OPV films were 

deposited on quartz or glass substrates. In almost all cases the substrate was Glass/TiOx/PFPA-1 

or Glass/PFPA-1. This enabled reliable comparison of the transient data collected on films with 

and without electrodes. 

 

 

Figure 15. Schematic representation of time-resolved measurements, typically performed either on 

thin films (a) or on complete solar cell devices with electrodes (b). If a metallic back electrode is used, 

the probe is reflected (dashed arrow), whereas in the case of semi-transparent devices, the probe is 

transmitted (solid arrow). Electrodes enable bias-dependent measurements and the detection of 

time-resolved electrical signals by an oscilloscope. 
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6 Charge Extraction 

 

6.1 TREFISH Combined with Transient Photocurrent Measurements 

100 fs – 10 µs 

To fully understand charge transport in operating OPV devices, the motion of photo-generated 

charges must be characterized at all relevant time scales – from the first hopping events to full 

extraction (100 fs – 10 µs). Although photo-generated charge extraction can be investigated by 

means of transient photocurrent measurements, RC limitations limit their use to time scales 

longer than nanoseconds76,77. In contrast, the first hopping events occur on a sub-picosecond to 

picosecond time scale. RC limitations can be avoided if the early time scales of charge motion are 

instead monitored by an optical probe. This can be accomplished if some optical property of the 

OPV film is affected by the motion of the photo-generated charges. 

The OPV film sandwiched between electrodes forms a capacitor-like sample (Figure 16). Applied 

bias charges the plates of this capacitor, thus creating an electric field across the OPV film. If the 

film is then photo-excited, the motion of the photo-generated charges partially screens the 

electric field induced by the applied bias E0, resulting in an electric field change ΔE(t). In this thesis 

ΔE(t) was measured optically by means of optical second harmonic generation. 

  

Figure 16. (a) Second harmonic intensity versus applied voltage and pump-probe time delay. 

(b) Scheme of the combined TREFISH and transient photocurrent measurement. 

This method relies on the well-known effect of Electric-Field-Induced Second Harmonic (EFISH) 

generation. The second harmonic cannot be generated in amorphous or centrosymmetric 

materials, however, in this case the centrosymmetry is broken by the electric field. The second 

harmonic generation efficiency is then proportional to the second-order susceptibility of the 

material (or the hyperpolarizability of the molecules) and to the square of the electric field I2H  E2. 
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If the electric field is homogeneously distributed across the thickness of the film d, the applied 

bias U = Ed is an equivalent quantity, hence I2H  U2 (Figure 16a). The applied bias at which the 

second harmonic intensity reaches its minimum value, also allows to estimate the built-in voltage 

of the OPV device (Ubi = 1V in Figure 16a). As such, by recording the second harmonic intensity 

(I2H), the electric field inside the OPV film can be monitored. 

The time-resolved variant of the EFISH measurement (TREFISH) is carried out in a pump-probe 

scheme15,55 (Figure 16b). The pump beam creates photo-generated charges and the probe 

subsequently monitors the decreasing electric field strength in the OPV film. For small variations 

in the electric field15 

(6) 𝛥𝐸(𝑡) = [(𝐼2𝐻(𝑡) 𝐼2𝐻,0⁄ )
1/2

− 1] 𝐸0 (11) 

where I2H(t) and I2H,0 are the second harmonic intensities with and without the pump, respectively, 

E0 is the applied electric field. Small changes in the electric field are ensured by measuring at 

sufficiently low pump fluences, inducing electric field changes no larger than 10% of E0 (Figure 

16a). The field change ΔE(t) relates to the amount of extracted charge per area as 

(6) 𝛥𝑄(𝑡) = 𝐶𝑑𝛥𝐸(𝑡) (12) 

where C is the sample capacitance per area, estimated by measuring the RC constant of the OPV 

device without photoexcitation, d is the sample thickness. The amount of extracted charge per 

area ΔQ(t) can then be related to the extracted carrier density Δn(t) as 

(6) 𝛥𝑛(𝑡) = 𝛥𝑄(𝑡) 𝑒𝑑⁄  (13) 

where e is the elementary charge. The temporal resolution of the TREFISH measurement is set by 

the duration of the laser pulses (≈ 120 fs in this thesis), enabling sub-picosecond resolution. The 

temporal range of TREFISH measurements is limited by the optical delay line (3.2 ns max in this 

thesis). Charge extraction at time scales longer than 3.2 ns is monitored by a simultaneous (using 

the same pump pulse) recording of the photocurrent transient using an oscilloscope. As such, all 

relevant time scales for charge transport, from sub-picoseconds to tens of microseconds, can be 

probed in a single measurement (Figure 17a). A fixed pump-probe time delay also allows for 

field-resolved measurements (Figure 17b). 

Papers II, IV and V show that the early part of these transients corresponds to electron extraction, 

whereas the latter part of the transients corresponds to hole extraction. Since the separate 

contributions of each population are difficult to disentangle using analytical methods, in this thesis 

kinetic Monte Carlo simulations (described in the next section), combined with complementary 

measurements, were employed instead. 

In paper II the electron and hole extraction dynamics on an ultrafast time scale were measured 

separately by the use of semi-transparent OPV devices with a thick active layer (440 nm). The idea 

of the measurement was inspired by conventional time-of-flight (TOF) measurements and is 

sketched in Figure 18. Here, the limited penetration depth of the pump and the probe beams was 
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used to separate the signals due to the electron and hole motion. The experiment is described in 

the Figure caption, more details can be found in the Supporting Information of paper II. 

   

Figure 17. (a) Time-resolved and (b) field-resolved photo-generated charge extraction from a 

TQ1:PC71BM photovoltaic device. Red traces and symbols correspond to experiments, black traces 

correspond to simulations. Adapted with permission from ref. 55. 

  

Figure 18. Left-side show a sketch of the measurement. (1) The pump creates a relatively narrow 

distribution of photo-generated charges (purple rectangle). (2) Only when the region where the field 

is present, i.e. between the sheets of electrons (blue) an holes (red), extends to the area ‘seen’ by the 

probe (dotted lines) a TREFISH signal is measured. The area ‘seen’ by the probe is on the opposite side 

of the sample with respect to the incident probe. This is because the second harmonic is reabsorbed 

by the active layer and only the indicated fraction (dotted lines) can exit the device for detection. Since 

holes drift much slower than electrons and need to traverse a larger distance, the TREFISH signal at 

the ITO electrode is seen at short times (2), whereas the signal at the PEDOT:PSS electrode is delayed 

(3). Right-side shows that the measurement results of the sketched experiment are in good agreement 

with kinetic Monte Carlo simulations. Adapted with permission from ref. 55. 
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6.2 Simulations using the Gaussian Disorder Model 

The combined TREFISH and photocurrent measurement fully spans the relevant time scales for 

charge motion, i.e. from the first hopping events, occurring on a sub-picosecond time scale, to full 

extraction at tens of microseconds. Such experimental data is thus ideally suited for testing charge 

transport models. Furthermore, any model that attempts to fit the data must also reproduce the 

field-dependence observed in experiments, severely constraining the model. In this thesis all of 

the experimental data were successfully fitted by kinetic Monte Carlo simulations based on the 

GDM model. The implementation of the model is described in detail in the Supplementary 

Information of paper III. 

The kinetic Monte Carlo algorithm does not contain implicit assumptions of quasi-equilibrium. 

Instead, the photo-generated charge carrier populations are allowed to thermalize as set by the 

carrier hopping parameters. By fitting the model to the experimental TREFISH and photocurrent 

data, statements on whether the photo-generated carriers have (or have not) reached 

quasi-equilibrium during their presence in the OPV device can be made. 

 

Figure 19. (a) Quasi-equilibrium model based on a single mobility value (shaded areas) cannot explain 

the combined TREFISH and photocurrent experiment (red trace), whereas kinetic Monte Carlo 

simulations allow for a reasonably good fit (black dashed trace). Data for TQ1:PC71BM at close to 

short-circuit conditions (U = -0.05V). Adapted with permission from ref. 55. 

Figure 19 shows reasonably good agreement between the experiment and kinetic Monte Carlo 

simulations. In contrast, the shaded areas indicate the outcome if a simplified model was used. 

The simplified model is based on experimentally measured quasi-equilibrium mobility values using 

a single technique (Photo-CELIV, page 51), which probes the mobility of fully thermalized charge 

carriers. The main assumptions of the simplified model are: 1) all of the photo-generated charge 
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carriers have an identical mobility. 2) The mobility of the photo-generated charge carriers is 

time-independent as they are in quasi-equilibrium.  Since the simplified model captures neither 

the rapid extraction of the photo-generated charges nor the shape of the experimental extraction 

kinetics, the notions of the simplified model are false. 

Instead, paper II shows that due to the stochastic nature of carrier hopping in disordered media, 

the photo-generated charge population is instead characterized by a wide distribution of 

extraction times, i.e. charge transport is dispersive. Furthermore, the mobility of the 

photo-generated charges turns out to be time-dependent due to their gradual thermalization in 

the disorder broadened DOS. Both of these aspects are discussed in more detail in the following 

sections. 

 

6.3 Dispersion in Extraction Times 

Since carrier hopping between localized sites is stochastic, i.e. random process, even charges 

traversing the same distance will be extracted at different times following photoexcitation. As the 

experimental trace represents the integral of the charge extraction distributions, by taking a 

log-derivative of the experimental trace, the distribution of extraction times can be obtained 

(Figure 20). 

 

Figure 20. Dispersion in extraction times at close to short-circuit conditions (U = -0.05V) in a 

TQ1:PC71BM device. According to our simulations (black traces and shaded areas), the distribution in 

charge extraction times in OPV devices operating under continuous illumination conditions (shaded 

areas) can be estimated by pulsed laser measurements (black traces). The red trace corresponds to 

the extraction time histogram determined from smoothed experimental data in Figure 19. Adapted 

with permission from ref. 55. 

Since charges in an OPV device are photo-generated at a different distance from the extracting 

electrode, the broadening in Figure 20 is at least in part due to a different transport distance. 
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However, this broadens the extraction time distribution only by 2 orders of magnitude in time, 

as can be inspected from the quasi-equilibrium model in Figure 19, where the first electrons are 

extracted at 1 ns, whereas the last electron is extracted at 100 ns. In contrast, the broadening in 

Figure 20 spans 5-6 orders of magnitude in time and is due to the dispersive nature of charge 

transport in disordered media. 

The wide distribution in extraction times reveals several key features regarding photocurrent in 

OPV devices. First of all, kinetic Monte Carlo simulations suggest that the charge extraction 

distributions obtained by pulsed laser excitation are identical to those obtained under continuous 

illumination (Figure 20). Therefore, the distribution of extraction times in OPV devices operating 

under continuous 1 sun illumination conditions can be determined by pulsed laser measurements 

(using sufficiently low pump-fluences), as described in paper II. 

Due to dispersion, mean extraction times are a particularly bad measure of the actual charge 

extraction in OPV devices. The vertical black bars in Figure 20 indicate the mean extraction time 

for the holes and for the electrons. At the mean extraction time about 80-90% of all the 

holes/electrons have been extracted already. In addition, by inspecting the charge extraction 

histograms it is clear that 50% of the holes/electrons (the early time part of the histogram, to the 

left of the peak maximum) are extracted orders of magnitude faster than the remaining 50%. This 

illustrates that even a well-defined mean mobility, would be limited in view of the large dispersion.  

Most of the experimental techniques that estimate the charge carrier mobility are largely 

insensitive to dispersion and provide an estimate only for the mean mobility of the corresponding 

charge carrier population. In view of the strong focus in this thesis to confirm simulations by 

experiments, only the mean mobility is discussed in the rest of the text. However, the associated 

spread around this mean must be considered when analyzing the data. 
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6.4 Time-dependent Carrier Mobility 

In addition to dispersion in extraction times, the quasi-equilibrium model also underestimates the 

rapid extraction of the photo-generated charges (Figure 19). Kinetic Monte Carlo simulations 

suggest that on the time scales of the TREFISH and photocurrent measurement the 

photo-generated charge carriers undergo a gradual transition from non-equilibrium to 

quasi-equilibrium charge motion. As such, the experimental extraction kinetics are governed by 

the gradual thermalization of the photo-generated carriers in the disorder broadened DOS (Figure 

21). Paper III shows that most of the photo-generated charges are extracted from the OPV device 

before reaching quasi-equilibrium. 

 

Figure 21. Simulations fitting the transient data in Figure 19 reveal that the photo-generated carriers 

undergo gradual thermalization in their respective DOS (black traces), resulting in a time-dependent 

carrier mobility (red symbols). The simulated mobility corresponds to the average mobility of electrons 

and holes µ(t) = [ µe(t) + µh(t) ] / 2. Adapted with permission from ref. 55. 

The gradual thermalization of photo-created charges via localized sites leads to a time-dependent 

carrier mobility (Figure 21). This can be rationalized by the GDM model – the mobility of the 

photo-generated charges decreases with time as an increasing number of upward hops is required 

for charge transport at later time scales following photoexcitation. Simulated thermalization 

dynamics are independent of the initial density of photo-created charges as, when 

out-of-equilibrium, concentration effects related to DOS state-filling are considerably less 

important. This observation is explained in more detail in section 7.3. 

Although the combined TREFISH and photocurrent measurements discussed so far are indicative 

of the gradual thermalization of photo-created charges, the confirmation that these processes 

take place has thus far been largely based on simulations. The remainder of this thesis provides 

complementary experimental evidence, confirming that charge extraction in disordered OPVs is 

indeed dominated by non-equilibrium effects.  
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7 Thermalization 

 

7.1 Overview of Time-Resolved Measurement Results 

In this chapter experimental evidence supporting the notion that photo-generated carriers 

undergo gradual thermalization in energetically disordered OPV systems is presented. To support 

this conclusion all of the relevant time scales for charge motion in OPVs, from sub-picoseconds to 

tens of microseconds, must be investigated. As most time-resolved techniques probe the 

dynamics of photo-excited species only over a limited temporal range (providing only a snapshot 

of the full dynamics), to get a consistent physical picture, several techniques must be employed.  

An overview of the collected results is shown in Figure 22, confirming that charge extraction in 

disordered OPVs, as revealed by TREFISH and photocurrent experiments in chapter 6 (paper II), is 

indeed governed by the gradual thermalization of photo-created charges. 

 

Figure 22.  (a) Hole thermalization dynamics measured by transient absorption (TA) spectroscopy 

(orange symbols) and simulated by kinetic Monte Carlo (red traces). (b) Time-dependent carrier 

mobility as measured by the indicated opto-electrical technique (blue), steady-state electron mobility 

as measured by Space-Charge Limited Currents (SCLC) (dashed blue line) and the carrier mobility 

obtained by kinetic Monte Carlo (red symbols). n0 is the initial carrier density. Adapted from ref. 57. 

Paper III confirms that although the different transient techniques probe different time scales, 

they are mutually consistent, as they monitor the same physical mechanism governing charge 

motion – charge carrier thermalization in a disorder broadened DOS. In paper IV the results have 

been extended to polymer/polymer blends and steady-state measurements not involving photons 

(SCLC), whereas in paper V the results have been generalized by investigating 

small-molecule-based OPV blends. This thesis demonstrates that a unification of the commonly 

employed opto-electric techniques that probe charge motion in disordered organic 

semiconductors is possible. Each technique is presented in the sections that follow. 
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7.1 Transient Absorption (TA) Spectroscopy 

100 fs – 10 µs 

Pump-probe Transient Absorption (TA) spectroscopy allows to monitor the dynamics of 

photo-excited species over an exceptionally wide temporal range (100 fs – 10 µs). TA provides 

information regarding the dynamic processes of excited-state energy migration, photo-induced 

charge transfer and charge carrier recombination. In addition, measurements can be performed 

either on thin films or complete OPV devices. This technique is widely used for the investigation 

of non-equilibrium processes in OPVs39,78–80. In this thesis TA measurements were performed to 

measure the photo-generated carrier density n(t) and hole thermalization ΔE(t) dynamics. 

In TA measurements a pump beam creates photo-excited species. After a time delay t, a low 

intensity probe beam (that does not significantly affect the excited-state population) traverses the 

sample and is recorded by a detector. Using broadband (white light supercontinuum) probe 

pulses, the transmission spectra over a range of wavelengths can be recorded simultaneously, i.e. 

for every single shot of the probe pulse. A difference in the transmission spectra is then calculated, 

i.e. the transmission spectrum of the photo-excited sample minus the transmission spectrum of 

the sample in the ground state. By varying the time delay between the pump and the probe a 

time-resolved difference spectrum ΔT(t,λ) is recorded (Figure 23). 

 
Figure 23. TA dynamics of a TQ1:PC71BM film photo-excited by a 2.33 eV (532 nm) pump at a 

pump-fluence of 3.5×1013 photons cm-2 per pulse and probed by a supercontinuum (white light) probe. 

The redshift of the Ground State Bleach (GSB) peak maximum is indicated by the dark blue trace. 

Adapted from ref. 57. 
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Generally speaking, the interpretation of TA data is quite complicated as multiple processes and 

photo-excited species contribute to the ΔT spectrum 

(6) 
∆𝑇(𝑡, 𝜆)

𝑇(𝜆)
= − ∑ 𝜎𝑖𝑓(𝜆)𝛥𝑛𝑖(𝑡)𝑑

𝑖,𝑓

 (14) 

where σif is the absorption cross-section for an optical transition from an initial state i to a final 

state f, Δni(t) is the population density change induced by the pump, d is the sample thickness and 

T(λ) is the sample transmission without the pump excitation. The absorption cross-section is in 

this case defined as negative for upward transitions and positive for downward transitions. 

 

Figure 24. Schematic illustration of the different processes contributing to the TA spectrum. The inset 

shows the corresponding optical transitions, which are broadened due to energetic disorder. 

The contributions from various processes to the TA spectrum (Figure 24) are: 

- Ground State Bleach (GSB). As a fraction of the molecules (or chromophores in the 

polymer) have been promoted to an excited state by the pump pulse, the fraction of the 

molecules remaining in the ground state has decreased. Therefore, the ground state 

absorption in the photo-excited sample is less than in the non-excited sample, i.e. the 

sample has been temporarily ‘bleached’. This results in a positive contribution to the ΔT/T 

spectra in the spectral range of ground state absorption.  

- Stimulated Emission (SE). Since a fraction of the molecules have been promoted to an 

excited state, a probe beam at a resonant wavelength may induce emission, usually 

referred to as stimulated emission. As the photons originating from stimulated emission 

are emitted in the same direction as the probe beam, this will result in a positive 

contribution to the ΔT/T spectrum. The SE spectrum resembles the fluorescence spectrum 

of the excited molecule and is redshifted, i.e. Stokes shifted, with respect to the GSB. 
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- Photo-Induced Absorption (PIA). The photo-excited species may also contribute to the 

ΔT/T spectrum by allowed optical transitions to higher excited states. PIA features thus 

indicate the presence of photo-excited species. Generally, in OPV materials, contributions 

from PIA span a wide spectral range, typically extending far into the near-infrared (NIR) 

range. If several photo-excited species coexist simultaneously, multiple, often overlapping, 

spectral features may be observed. Advanced (global analysis) techniques are then 

required to disentangle their individual contributions to the full ΔT/T spectrum. 

 

TA data interpretation 

In fullerene acceptor based OPV blends, the photo-induced optical signatures originating from the 

fullerenes are generally significantly weaker (due to their significantly lower absorption 

cross-sections) compared to those originating from the donor polymer. As such, the ΔT/T spectra 

are typically dominated by optical signatures originating from the donor polymer. This simplifies 

the interpretation of TA data. 

The broad PIA feature (<1.75 eV) visible in Figure 23 was assigned to the hole polaron81. The 

hundreds of femtoseconds (or less) rise in the PIA feature (Figure 23, blue feature) indicates that 

in TQ1:PC71BM the formation of charge-transfer states and photo-generated carriers occurs on a 

time scale of hundreds of femtoseconds or less, i.e. almost instantaneously, as expected in 

efficient OPV blends. By measuring the subsequent decay of the PIA feature over a range of 

pump-fluences, the dominant charge carrier recombination mechanisms can be determined. For 

TQ1:PC71BM the transient PIA decay on a nanosecond to tens of microseconds time scale is 

bimolecular (Figure 25, left y-axis) – photo-generated charges recombine non-geminately. 

 

Figure 25. Combined transient absorption (black symbols, left y-axis) and electrical extraction (red 

symbols, right y-axis) measurements on a TQ1:PC71BM device biased at ‘flat-band’ conditions. Carrier 

recombination dynamics fit best to a bimolecular decay with a time-dependent rate β(t) (blue trace). 

The unit on the left y-axis corresponds to a change in optical density, commonly used instead of ΔT/T. 

Adapted with permission from ref. 81. 
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Figure 25 data were collected on an OPV device connected to a function generator and an 

oscilloscope. The OPV device was positively biased throughout the measurement to facilitate close 

to ‘flat-band’ conditions. As such, the measured carrier density decay dynamics in Figure 25 are 

also indicative of what occurs in an OPV film without electrodes.  

To calibrate the PIA signal intensity to the more useful quantity of photo-generated carrier density 

n(t), TA measurements were complemented by a simultaneous (using the same pump pulse) 

electrical recording of the amount of extracted charge using an oscilloscope (Figure 25, right 

y-axis). Electrical extraction data is available only for time scales longer than 10 µs due to 

experimental limitations. The data overlap in the tens of microseconds time scale enables the 

conversion of PIA signal intensity to photo-generated carrier density (paper I). These kinetics were 

later used to convert the time-resolved conductivity Δσ(t), as probed by TRMC, to charge carrier 

mobility µ(t)= Δσ(t)/en(t) on the 20 ns to 1 µs time scale (section 7.3). 

 

Figure 26. Slices of the time-resolved dataset, shown in Figure 23. The spectral redshift of the GSB peak 

maximum is highlighted by the blue trace, see Figure 22a for a plot of GSB redshift vs. time. 

The spectral broadening of the GSB and PIA absorption features in Figure 23 is at least in part due 

to the disorder broadened DOS of the donor polymer, as schematically illustrated in Figure 24. 

Since the GSB feature is due to the presence of a hole polaron on the polymer, the spectral position 

of the GSB peak maximum is indicative of the hole energy in the DOS. Hence, temporal redshifts 

of the GSB peak maximum can be used as a measure for hole thermalization. This was used to 

measure the hole thermalization dynamics in paper III.  

The observed gradual redshift of the GSB peak maximum in TQ1:PC71BM is highlighted by the dark 

blue trace in Figure 23 and is also shown in Figure 26. In paper III the thermalization dynamics of 

photo-induced holes were estimated for two material systems, showing a total GSB redshift of 

≈ 0.1 eV in TQ1:PC71BM and ≈ 0.2 eV in PCDTBT:PC61BM. The larger redshift in PCDTBT:PC61BM 

was shown to be due to the larger energetic disorder of PCDTBT82. 
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7.2 Time-Resolved Terahertz Spectroscopy (TRTS) 

1 – 100 ps 

The use of THz radiation as a probe allows to monitor the charge carrier mobility dynamics at the 

earliest time scales following photo-generation83. For OPV materials the measurement range 

typically spans 1-1000 ps, with the long time limit set by the signal-to-noise ratio. This temporal 

window is particularly important for the investigation of photo-induced charge separation at the 

donor-acceptor interface72, followed by charge transport away from the interface. In this thesis 

TRTS measurements were used to estimate the carrier mobility at picosecond time scales. 

The duration of a THz probe pulse incident on the sample is of the order of 1 ps, corresponding to 

a frequency of 1 THz (photon energy = 4.1 meV). Mobile charged species absorb at such low 

photon energies, which makes THz pulses probes of conduction. THz pulses interact strongly with 

conductive layers, e.g. electrodes. As a result, measurements on OPV devices are not possible. 

Spin-coated or drop-casted OPV films on quartz substrates are used instead. An example of a THz 

pulse, which was recorded after traversing a typical OPV film (regioregular-P3HT:PC61BM) coated 

on a quartz substrate is shown in Figure 27 (grey line, no photoexcitation). 

 

Figure 27. THz waveform recorded after traversing a regioregular-P3HT:PC61BM (rrP3HT:PC61BM) 

film without photoexcitation (dashed grey trace) and the relative change in the THz waveform at the 

indicated pump-probe time delay (blue traces). 

In TRTS measurements an optical pump pulse is used to photo-generate charge carriers. The 

photo-conductance of the OPV film is subsequently monitored by a time-delayed THz probe pulse. 

The difference in the transmitted THz waveforms with and without the pump (Figure 27 blue 

traces) is a measure of the photo-induced conductivity in the time-domain. 
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For the investigation of transient photo-conductivity in OPV blends, typically only the peak 

amplitude of this difference, labelled as ΔE in Fig. 26 (blue round symbol), is monitored. This 

assumes that the temporal evolution of ΔE(t) is mainly due to amplitude modulation of the peak 

maximum of the THz pulse and not due any temporal shifts of the waveform mimicking amplitude 

modulation. Although the most accurate way is to record the entire ΔE(t) waveform at each 

pump-probe time delay, this would demand very long measurements. Therefore, generally only 

the peak of the THz waveform is monitored, enabling a simpler and faster mode of data collection. 

The measured relative change in the transmitted THz pulse amplitude ΔE(t)/E0, where E0 

corresponds to a reference measurement without the pump (see Figure 27), can be related to 

photo-induced conductivity using thin-film optics, commonly referred to as the Tinkham formula84 

(6) 𝛥𝜎(𝑡) =
1 + 𝑛

𝑍0𝑑
(

− 𝛥𝐸(𝑡) 𝐸0⁄

1 + 𝛥𝐸(𝑡) 𝐸0⁄
) = 𝑒µ(𝑡)𝑛(𝑡) (15) 

where Z0 is the impedance of free space (377 Ω), n is the refractive index of the quartz substrate 

(n = 2), e is the elementary charge and d is the sample thickness. The transient mobility of the 

species µ(t) giving rise to the observed photo-conductivity signal can be estimated, if their number 

density n(t) is known. An estimate for n(t) can be obtained by a complementary TA measurement 

performed on the same film at identical pump excitation conditions. 

 

Figure 28. Comparison of the hole polaron density, as determined by TA (orange trace), and TRTS 

photo-conductivity dynamics (blue trace) recorded on the same rrP3HT:PC61BM film at an identical 

excitation fluence (120 µJ cm-2 per pulse using 400 nm photons). 

Figure 28 shows a comparison between the time-resolved photo-conductivity Δσ(t) in 

regioregular-P3HT:PC61BM (rrP3HT:PC71BM), as determined by TRTS, and the time-resolved hole 

polaron density nh(t), as determined by TA, using the known absorption cross-section of the hole 
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polaron85. As photo-induced carriers are generated in pairs, the hole polaron density, multiplied 

by a factor of 2, provides an estimate for the total number density n(t) of the species giving rise to 

the TRTS photo-conductivity signal. Note that this implies that TRTS and TA monitor the same 

charged species, which may not be the case in general, and must be considered when analyzing 

the data. The combined TRTS and TA dataset may then be used to estimate the time-resolved TRTS 

carrier mobility µ(t), shown in Figure 29.  

 

Figure 29. Transient mobility µ(t) estimated using TRTS and TA data for TQ1:PC71BM (darker blue) and 

rrP3HT:PC61BM (lighter blue). TQ1:PC71BM data are taken from ref. 17. 

 

TRTS Data Interpretation 

The mean TRTS mobility µ(t) is generally considered to be dominated by the significantly larger 

hole mobility in the polymer donor phase, and thus corresponds to the hole mobility. This 

assignment is based on the considerably lower electron mobility in neat PC61BM on a time scale 

of several picoseconds, as determined using Stark-shift spectroscopy (µe = 0.5×10-2 cm2 V-1 s-1 in 

the zero-field limit)16,51 and TRTS measurements on APFO3:PC61BM blends 

(µe = 0.3×10-2 cm2 V-1 s-1)52. Measurements on APFO3:PC61BM blends show increasing TRTS 

mobility with increasing polymer chain length52, whereas TRTS measurements on P3HT:PC61BM 

blends show only a minor effect of side chain regioregularity on TRTS mobility53. Both of these 

observations suggest that TRTS probes the hole mobility on the polymer backbone. As such, the 

rrP3HT:PC61BM trace in Figure 29, corresponds to the hole mobility. The remainder of this text 

solely describes what is observed for TQ1:PC71BM. 

Although similar TRTS data, as for P3HT and APFO3, is not available for the main system studied 

in this thesis (TQ1:PC71BM), its TRTS mobility is also expected to be dominated by the hole mobility 

in the TQ1 polymer phase. This assignment is corroborated by TA measurements, where the 
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redshift of the GSB, corresponding to hole thermalization, begins at a pump-probe delay of 

100 ps (see Figure 22a). The TRTS mobility in TQ1:PC71BM also begins to decrease at 100 ps 

following photoexcitation. As such, the TRTS mobility data in Figure 29 is indicative of the onset of 

hole thermalization, whereas the subsequent mobility decay may be assigned to inter-site hole 

hopping. This assignment is merely a hypothesis and further studies are necessary to explain the 

decrease in the TRTS mobility in TQ1:PC71BM. 

There is also a complementary way to interpret the TRTS data, by considering the THz pulse as an 

electromagnetic wave. The photo-generated carriers are then under the influence of a 

time-varying (AC) electric field of the THz pulse, which is attenuated by the photo-generated 

carriers. This is important to consider, since carrier mobility is frequency-dependent86. When 

probed by a high-frequency electric field, the charge carriers drift only a short distance during the 

period of the wave, predominantly hopping between sites of similar energy. In contrast, at low 

frequency the charge carriers are transported over a larger distance and are more prone to 

encounter high energy barriers (difficult hops), significantly reducing the charge carrier mobility. 

As such, the measured TRTS mobility describes charge motion over length scales of the order of 

1 nm (ref. 87). Kinetic Monte Carlo modeling in paper III shows that the high probing frequency 

makes the TRTS mobility appear less time-dependent, as supported by earlier theoretical work on 

pristine materials88. The apparently time-independent TRTS mobility at the earliest time scales 

(1-100 ps), observed in typical OPV systems, may thus at least in part be due to the high frequency 

of the THz probe and not due to the complete absence of carrier thermalization. Further studies, 

disentangling the effect of the AC field on the observed kinetics, would elucidate the underlying 

physics. 

To summarize, the combined TRTS and TA experiment provides an estimate for the mean of the 

hole and electron mobilities at THz frequencies on a 1-1000 ps time scale following 

photo-generation. There is growing experimental evidence in literature, suggesting that in 

polymer/fullerene BHJs the TRTS transients are mainly dominated by hole motion in the polymer 

phase. Due to the high frequency of the THz probe and the low carrier mobility in organic 

semiconductors, TRTS probes charge motion over relatively short length scales, i.e. of the order of 

1 nm, thus providing an estimate for the ‘local’ carrier mobility in an OPV film87. 
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7.3 Time-Resolved Microwave Conductance (TRMC) 

20 ns – 1 µs 

Following the earliest time scales of charge separation and motion away from the donor-acceptor 

interface, as probed by the TRTS technique, subsequent charge transport and recombination can 

be monitored by the use of a microwave probe89. Time-Resolved Microwave Conductance (TRMC) 

measurements typically span the range of 20 ns – 1 µs following photo-generation. This temporal 

range is particularly suited for the investigation of charge separation and transport at later time 

scales and over larger distances, as compared to those probed by TRTS. In this thesis TRMC 

measurements were performed in order to evaluate the photo-generated carrier mobility in the 

temporal range of 20 ns – 1 µs. 

TRMC measurements were performed by the use of a microwave cavity and a continuous 

microwave source. The OPV film coated on a quartz substrate was placed inside the cavity at the 

position of the maximum absorption of microwave radiation. The interaction of the incident 

microwaves with the OPV film results in a decrease in the power of the incident microwave P, 

these changes are recorded and can be related to the photo-conductance ΔG(t) of the OPV film89 

(6) 
𝛥𝑃(𝑡)

𝑃
= −𝐾𝛥𝐺(𝑡) (16) 

where ΔP(t)/P is the normalized change in microwave power reflected by the cavity and K is the 

sensitivity factor of the cavity. The K factor describes the optical cavity: it depends on the 

parameters of the cavity with the sample inside and is modelled by numerically solving the 

Maxwell equations. Following this procedure, the time-resolved photo-conductance of the OPV 

film ΔG(t) can be related to its time-resolved photo-conductivity89 

(6) 𝛥𝐺(𝑡) = 𝛽𝑑𝛥𝜎(𝑡) (17) 

where β is the ratio of the inner dimensions of the cavity in the sample plane (β = 2.08 for the 

cavity used in this thesis) and d is the sample thickness. 

Figure 30 shows a comparison between the time-resolved photo-conductivity Δσ(t), as 

determined by TRMC, and the time-resolved hole polaron density nh(t), as determined by TA. 

Paper I shows that the hole polaron decay nh(t) is bimolecular (Figure 25). Therefore, the total 

number density n(t) of the charged species giving rise to the TRMC photo-conductivity signal can 

be estimated as nh(t) × 2 = n(t). Note that, as in the case of TRTS transients, this implies that TRMC 

and TA monitor the same charged species. The combined TRMC and TA datasets can then be used 

to estimate the average of the hole and electron mobilities, shown in Figure 31. 
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Figure 30. Comparison of the hole polaron density, as determined by TA (orange trace), and TRMC 

photo-conductivity (blue trace) transients recorded at a very similar excitation fluence (5×1012 photons 

cm-2 per pulse). 

 

Figure 31. Estimated transient TRMC mobility is independent of pump-fluence within a factor of 2. 

Adapted from ref. 57. 
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TRMC Data Interpretation 

Due to the considerably lower frequency of the electric field in a microwave probe (GHz), 

compared to that in a Terahertz probe (THz), AC effects, due to the time-varying electric field of 

the microwave, are expected to be significantly less important in TRMC transients. Earlier work86,88 

and simulations in paper III corroborate this observation. Therefore, the measured TRMC 

mobilities in OPV films can be more directly compared to those obtained by other DC (constant 

applied electric field) mobility techniques.  

However, it has to be kept in mind that since TRMS probes charge motion only during a fairly 

limited temporal range, the photo-created charges will traverse only a limited distance during this 

time, i.e. the TRMC technique probes the carrier mobility over some ‘local’ spatial scale, similar to 

TRTS measurements. In that sense, the TRMC mobility may exceed that recorded by DC mobility 

techniques. 

For the TQ1:PC71BM system studied in this thesis a time-dependent mobility on the 20 ns – 1 µs 

time scale is observed (Figure 31). At these time scales most of the thermalization has already 

taken place – the TRMC mobility decays only by a factor of 2.5 over the measured range, as 

confirmed by Kinetic Manto Carlo simulations (Figures 21 and 22b). Paper II shows that the hole 

mobility in TQ1:PC71BM is considerably lower than the electron mobility. This is generally the case 

when fullerene acceptors are employed. Therefore, the TRMC mobility is expected to be 

dominated by the considerably larger electron mobility. 

In contrast, Savenije et al. have suggested that for regioregular-P3HT:PC61BM (rrP3HT:PC61BM) 

blends the TRMC mobility is time-independent at these time scales19. In general, the lower the 

energetic disorder of the material, the less important are non-equilibrium effects due to carrier 

thermalization56. It may be expected that the TRMC mobility in rrP3HT:PC61BM is 

time-independent at least in part due to the lower energetic disorder of rrP3HT:PC61BM, 

compared to that in TQ1:PC71BM. A comparison between the two systems was not done in this 

thesis but warrants further study. 

TRMC also allows for additional means of detecting whether the photo-created charges have 

reached quasi-equilibrium at the 20 ns – 1 µs time scale. This can be accomplished by 

pump-fluence dependent TRMC mobility measurements. Carrier mobility in disordered organic 

semiconductors is known to be strongly concentration-dependent at quasi-equilibrium59,60, 

whereas this is not necessarily the case when out-of-equilibrium. Non-thermalized 

photo-generated carriers reside at higher energies in the DOS where considerably more sites are 

accessible for transport, significantly diminishing concentration effects. This is why mobility 

simulations in Figures 21 and 22b are independent of the initial carrier density. TRMC 

measurements performed in paper III confirm that the photo-generated carrier mobility is 

concentration-independent (within experimental error) up to carrier densities of approximately 

1 × 1018 cm-3 (Figure 31). Therefore, at the 20 ns – 1 µs time scale the photo-generated carriers 

in TQ1:PC71BM have not yet reached quasi-equilibrium. 
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To summarize, the combined TRMC and TA measurement allows to estimate the mean carrier 

mobility on the 20 ns – 1 µs time scale following photoexcitation. In OPVs employing fullerene 

acceptors, TRMC mostly monitors electron transport, since the hole mobility is typically much 

lower. The presence or the lack of photo-generated carrier thermalization can be identified. 

 

7.4 Photo-CELIV 

10 µs – 100 µs 

In this thesis the carrier mobility and recombination dynamics at the latest time scales following 

photoexcitation (10 µs – 100 µs) were monitored by the Photo-induced Charge Extraction by 

Linearly Increasing Voltage (Photo-CELIV) technique14,90. Photo-CELIV measurements allow to 

determine the time scale at which the photo-generated carriers have reached quasi-equilibrium. 

The Photo-CELIV technique is quite convenient as measurements are performed on complete OPV 

devices. The results can then be compared to other measurements performed on the same device, 

e.g. TA spectroscopy or TREFISH measurements. In this thesis the combined TREFISH and 

photocurrent measurements were performed on the same device as Photo-CELIV measurements. 

In Photo-CELIV the photo-generated charges are created by a laser pump pulse and, after a 

variable time delay are extracted by a linearly increasing voltage pulse (Figure 32). It is important 

that the laser-induced photocurrent signal (sharp grey peak in Figure 32) would not overlap with 

the device response to the linearly increasing voltage, otherwise the signal is distorted. This limits 

the minimum achievable time delay, which in this thesis was 10 µs. 

 

Figure 32. Photo-CELIV measurement schematic. 

To avoid photo-generated charge leakage out of the device during the time delay a constant 

positive offset voltage (Uoff) is applied, typically similar to the open-circuit voltage VOC of the OPV 

device. However, the applied offset voltage may induce charge injection from the contacts (jinj). 

Therefore, Uoff must be chosen such that photo-generated charge leakage and injection currents 

are minimized. Generally speaking, this is quite challenging, but can be accomplished20,81,91. 
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The mean mobility of the photo-generated charges can be estimated from the temporal position 

of the extraction current maximum (tmax). In this thesis the Photo-CELIV mobility was estimated as 

suggested by Juška et al.14 

(6) µ = (
2

3

𝑑2

𝐴𝑡𝑚𝑎𝑥
2

) (1 + 0.36
𝛥𝑗

𝑗0
)⁄  (18) 

where A is the voltage ramp speed, d the sample thickness, ∆j the maximum extraction current, j0 

the dark current, see Figure 32. As this technique is insensitive to whether the photo-generated 

holes or electrons are probed, the estimated mobility reflects the mean carrier mobility. 

 

Figure 33. (a) Photo-CELIV transients of a TQ1:PC71BM device. (b) Comparison of time-resolved TRMC 

and Photo-CELIV mobilities. Dashed lines are a guide to the eye. Panel b adapted from ref. 57. 

In this thesis the Photo-CELIV measurements were mainly used to determine the time scale at 

which the photo-generated charge carriers reach quasi-equilibrium. Figure 33a shows typical 

Photo-CELIV transients recorded on a TQ1:PC71BM device, whereas Figure 33b shows a comparison 

of the transient Photo-CELIV mobility to that determined by TRMC. The dashed lines are a guide 

to the eye, indicative of a transition from non-equilibrium charge motion driven by thermalization 

to quasi-equilibrium where thermalization is complete, resulting in a time-independent carrier 

mobility. Figure 33b shows that photo-generated carrier thermalization in OPV devices can take 

as long as 10 µs to complete. 

Besides monitoring the mobility of the photo-generated charges, Photo-CELIV measurements can 

also be used to monitor the charge carrier recombination dynamics. By integrating the extraction 

current (∆j) at a variable time delay, the charge carrier concentration decay with time n(t) is 

obtained, see section 7.1 (Figure 25). 

To summarize, Photo-CELIV measurements allow to determine both charge carrier mobility and 

recombination dynamics on microsecond time scales. At these time scales the photo-generated 

carriers are expected to be almost fully thermalized in their respective DOS. As such, Photo-CELIV 

transients can be used as a measure for the time scale at which thermalization completes. 

10
-7

10
-6

10
-5

10
-4

10
-4

10
-3

0 5 10

0

5

10

15

20

j 
(m

A
 c

m
-2
)

Pump-probe time delay (s)

 Dark with U
off

 Dark

Increasing t
delay

 (10-80 s)

a


 (

c
m

2
 V

-1
 s

-1
)

Pump-probe time delay (s)

 TRMC

 Photo-CELIV

Quasi-equilibrium

b



53 
 
 

8 Mobility Measurements without Photoexcitation 

 

Previously discussed experimental techniques monitor the transient mobility of photo-created 

charges following an excitation by a laser pulse. Alternatively, mobility measurements can also be 

performed under steady-state conditions in the dark, i.e. without photoexcitation. In this case the 

charge carriers are injected from the electrodes and, after traversing the OPV film, extracted at 

the second electrode. The most widely adopted mobility measurement technique used to describe 

operating OPVs (discussed below) relies on the assumption that the mobility of photo-created 

charges is the same, or least comparable to that of charges injected from the electrodes the dark. 

This chapter summarizes the main findings of paper IV, which shows that in most cases this notion 

is erroneous. 

 

8.1 Space-Charge Limited Currents (SCLC) 

Steady-state 

Space-Charge-Limited Currents (SCLC) is arguably the most widely used technique to determine 

the steady-state charge carrier mobility in OPVs. The SCLC method relies on the use of electrodes 

that are Ohmic for only one type of carrier (hole- or electron-only SCLC). This facilities the injection 

of the selected carrier from the electrode into the OPV film. The injected charge carriers, following 

charge transport through the film, are extracted at the second electrode. By a suitable choice of 

electrodes the hole or the electron mobility can be determined. This is advantageous, as it is 

generally quite challenging to distinguish the electron and hole contributions in time-resolved 

experiments – SCLC provides useful complementary information. 

The theory of space-charge-limited currents for an insulator sandwiched between parallel 

electrodes was first given by Mott and Gurney and is commonly referred to as the Mott-Gurney 

law92. In its simplest and most widely used form the SCLC carrier mobility (µSCLC) can be estimated 

from 

(6) 𝑗 =
9

8
ɛɛ0µ𝑆𝐶𝐿𝐶

(𝑈 − 𝑈𝑏𝑖)
2

𝑑3
 (19) 

where ε0 is the vacuum permittivity, ε the dielectric constant of the active layer, d the active layer 

thickness, (U - Ubi) the applied voltage corrected by the built-in voltage of the device.  

The presence of the SCLC regime can be determined by inspecting the slope of the current-voltage 

characteristic of the single-carrier diode in a log-log plot. Since j  U2, a slope of 2 is indicative of 

the SCLC regime, in which case the above formula can be used to estimate the charge carrier 

mobility. For other cases, a more sophisticated formalism, taking account the presence of traps93 

and/or an electric-field-dependent mobility94, must be employed. Figure 34a (see the next page) 

shows the single-carrier device IV characteristics for the blends studied in paper IV. 
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Figure 34. (a) IV characteristics of hole- and electron-only diodes based on TQ1:PC71BM and TQ1:N2200 

measured in the dark. (b) Comparison of the time-dependent photo-generated carrier mobility to that 

of carriers injected from the electrodes in the dark, as determined by SCLC (shaded areas). Adapted 

with permission from ref. 56. 

In paper IV we have directly compared the mobility of photo-created charges, as determined by a 

combination of TREFISH and photocurrent measurements, to the mobility of charges injected from 

the electrodes in the dark, as determined by SCLC (Figure 34b). The photo-generated carrier 

mobility exceeds the SCLC mobility by several orders of magnitude, especially at early times 

following photoexcitation. Given the significant difference, it is questionable whether 

photo-generated charge transport can be described by the SCLC method. 

The error in using the SCLC mobility to describe photo-generated charge transport can be 

quantified by comparing the carrier drift distance with and without thermalization 
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(6) 𝑑𝑝ℎ𝑜𝑡𝑜(𝑡) =  
𝑈 − 𝑈bi

𝑑
∫ 𝜇𝑝ℎ𝑜𝑡𝑜(𝑡)𝑑𝑡

𝑡

0

 (20) 

(6) 𝑑𝑆𝐶𝐿𝐶(𝑡) =
𝑈 − 𝑈bi

𝑑
 𝜇𝑆𝐶𝐿𝐶𝑡 (21) 

Equation 20 corresponds to the carrier drift distance when using the time-dependent mobility of 

photo-created charges µphoto(t), whereas Equation 21 corresponds to the use of the SCLC mobility 

(or µphoto(t) at long time delays). 

 

Figure 35. (a) Comparison of the estimated hole drift distance when either using the photo-generated 

µphoto(t) or steady-state µSCLC mobility in a TQ1:PC71BM photovoltaic device at maximum-power point 

conditions. The black line shows the relative error. (b) The absolute error in using the steady-state SCLC 

mobility. Black dashed lines in both panels mark the drift distance to the extracting electrode (= 35 nm) 

for an average photo-generated carrier in a 70 nm thick OPV device. Adapted with permission from 

ref. 56. 

Figure 35a shows the resulting hole drift distance in TQ1:PC71BM at maximum-power point 

conditions (0.2V / 70nm) using both methods. Since µphoto(t) is significantly larger than µSCLC at early 

times, photo-created charges drift a larger distance than quasi-equilibrated charges within the 

same period of time. Evidently, the use of µSCLC significantly underestimates the drift distance of 

the photo-generated carriers. The resulting error can be quantified as 

(6) 𝛥𝑑(𝑡) =  𝑑𝑝ℎ𝑜𝑡𝑜(𝑡) − 𝑑𝑆𝐶𝐿𝐶(𝑡) (22) 

(6) 
𝛥𝑑(𝑡)

𝑑𝑝ℎ𝑜𝑡𝑜(𝑡)
=  

𝑑𝑝ℎ𝑜𝑡𝑜(𝑡) − 𝑑𝑆𝐶𝐿𝐶(𝑡)

𝑑𝑝ℎ𝑜𝑡𝑜(𝑡)
 (23) 

where Δd(t) corresponds to the drift distance by which a quasi-equilibrated carrier is lagging 

behind a photo-created carrier, whereas Equation 23 quantifies the relative error. Figure 35b 

shows the resulting error versus the photo-generated carrier drift distance. The error is 

substantial. More concretely, the average photo-generated hole is extracted from a 70 nm thick 
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OPV device at a drift distance of dphoto(t) = 35 nm (black dashed lines in Figure 35), however, the 

use of a SCLC mobility would predict a drift distance of only 15 nm within the same period of time 

– a quasi-equilibrated hole is lagging behind the photo-generated hole by as much as 20 nm 

(Figure 35b), a significant number for a thin-film photovoltaic device. 

In general, the smaller the energetic disorder of the material, the smaller the error in using a 

quasi-equilibrium carrier mobility will be (Figure 36). Since the GDM formalism employed here is 

applicable to any disordered organic semiconductor, kinetic Monte Carlo simulations allow us to 

predict the error for materials with different disorder values than those found in TQ1:PC71BM and 

TQ1:N2200. 

Figure 37 shows the predicted error for a hypothetical material with the indicated disorder at 

short-circuit (1V / 100nm) and at maximum-power point (0.2V / 100nm) conditions at a 

photo-generated carrier drift distance of dphoto(t) = 50 nm. The error is larger at short-circuit 

conditions, as the gain in drift distance with increasing electric field strength is larger for the 

photo-generated charges (Equations 20 and 21). The error is decreasing with decreasing disorder 

due to the narrowing of the DOS distribution, making µ(t) become less time-dependent (inset 

Figure 37). For low disorder values the effect of thermalization on carrier transport becomes less 

important.  

Although what error in dphoto(t) is acceptable is not entirely clear, in paper IV we have, for 

illustrative purposes, chosen 15% of the average carrier drift distance in a typical 100 nm thick 

active layer, i.e. 15% × 100 nm / 2 = 7.5 nm (green shaded area in Figure 37). This shows that at 

MPP conditions (0.2V / 100nm) the use of SCLC, or any other slow time-resolved or 

quasi-equilibrium mobility data, is acceptable only for materials with a sufficiently low energetic 

disorder (σ < 71 meV). 

Such low energetic disorder values have been reported for only a few material combinations: 

PBDTTT-C:PC71BM (σh = 70 meV, σe = 75 meV)95 and rrP3TH:PC61BM (σh = 33 meV, σe = 43 meV)96. 

The blends studied in this thesis and previous work TQ1:PC71BM, TQ1:N2200, 

MDMO-PPV:PC61BM, and PCDTBT:PC61BM fall outside this range57,66,67. Furthermore, at higher 

electric field strengths, such as short-circuit conditions, even lower disorder values (σ < 56 meV) 

are required for a reliable description. Since most OPVs typically have an energetic disorder similar 

to or larger than σ = 56-71 meV, the use of SCLC mobility data to describe disordered OPVs is 

questionable even at relatively weak electric fields. Quasi-equilibrium mobility data are only 

reliable for materials with a sufficient low energetic disorder and are invalid for highly disordered 

materials. Figure 36 schematically summarizes the main findings of paper IV. 
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Figure 36 (a) In materials with a large energetic disorder, the photo-generated carriers drift a 

significantly larger distance than quasi-equilibrated carriers within the same period of time – the 

quasi-equilibrated carriers are lagging behind by Δd(t). (b) In materials with a sufficiently low energetic 

disorder the transport of quasi-equilibrated carriers becomes comparable to that of the 

photo-generated carriers. Adapted with permission from ref. 56. 

 

Figure 37. Predicted error for a hypothetical material with the indicated disorder. The error is 

calculated at short-circuit (1V / 100nm) and maximum-power point (0.2V / 100nm) conditions at a 

photo-generated carrier drift distance of dphoto(t) = 50 nm. The inset shows that µphoto(t) becomes less 

time-dependent with decreasing disorder, reducing the error. The green shaded area marks the 

suggested range of acceptable error. Adapted with permission from ref. 56. 
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9 Charge Transport in Pure and Mixed Phases 

 

Organic bulk heterojunction solar cells are known to have complicated multi-length scale 

morphologies97–100. However, the experimental data discussed so far (papers I to IV) were analyzed 

while assuming that the photoactive film can be treated as an effective medium, i.e. the nanoscale 

morphology of the BHJ film was not explicitly accounted for. 

This approximation was justified for two reasons. First of all, relatively amorphous, i.e. rather well 

inter-mixed, donor/acceptor systems were chosen. Although such amorphous films may have 

nanoscale morphological variations, e.g. fullerene domains that are too small to resolve using 

microstructural characterization tools, the effective medium approximation remains valid. In any 

morphology, thermalization begins in the phase were the charge carrier is initially photo-created 

and transported, e.g., in an amorphous region, followed by charge transport and thermalization 

in an ordered region, since ordered regions are lower in energy. The extent of thermalization in 

each phase is set by its energetic disorder and the fraction of time the photo-generated carrier 

resides in each phase. Even in the case of complex morphologies, the use of an effective medium 

approximation can describe some average of the full thermalization kinetic, however, in this case 

morphology specific information is not explicitly captured by the model. 

In order to understand how the morphology of the BHJ affects non-equilibrium charge motion, it 

would be desirable to investigate a set of samples where a rather well-defined BHJ morphology is 

varied in a controlled manner. This was, at least to some extent, accomplished in paper V, where 

carefully co-sublimed BHJs, based on small-molecule donor/acceptor mixtures, were investigated. 

Although similar data, investigating the effect of donor/acceptor mixing on charge transport is 

available in literature54,97,98,101–103, previously reported studies are mainly semi-quantitative, in the 

sense that they do not answer the question of how pure do the neat domains have to be to 

facilitate efficient charge transport. The well-defined sample morphology in paper V enabled 

quantitative analysis. Three important insights have been revealed, each is discussed in the 

sections that follow.  

 

9.1 Relation between Phase Purity and Charge Transport 

In paper V we have varied the molar fraction of 𝛼-sexithiophene (𝛼-6T) in a buckminsterfullerene 

(C60) matrix from homogeneously diluted (<10% molar), to a point where 𝛼-6T begins to form 

isolated aggregates (>10-25%) or is strongly aggregated (50%). We have thus varied the distance 

between isolated 𝛼-6T sites and the level of disruption of the C60 phase in a controlled manner. 

The 𝛼-6T:C60 system can be viewed as a model for the mixed donor-acceptor phase in OPV. By a 

combination of TREFISH and photocurrent measurements, complemented with simulations based 
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on the GDM model, we have quantified how donor/acceptor mixing affects the charge extraction 

kinetics (Figure 38).  

The transient extraction data in Figure 38a indicate two extraction plateaus, most clearly visible 

for the 10% donor device. Given the approximate temporal position of these extraction plateaus 

(black dashed lines in Figure 38a), charge carrier mobilities of µ = 0.5 cm2 V-1 s-1 and 

µ = 6×10-5 cm2 V-1 s-1, respectively, are expected. We have attributed the latter part of the 

transients to hole motion via isolated 𝛼-6T sites (by a mechanism outlined in section 9.2), as 

confirmed by complementary hole-only mobility measurements using space-charge limited 

currents (Figure 38c inset), giving µh = 6×10-5 cm2 V-1 s-1 at 10% molar donor. On basis of the high 

electron mobility reported in neat C60 crystals (µe = 0.5 cm2 V-1 s-1) (ref. 104), we have attributed 

the early part of the transients mainly due to the extraction of electrons. However, as will be 

explained in section 9.3, a small fraction of holes (0-20%, depending on bias) is also extracted very 

rapidly via C60. 

The assignment of electron/hole extraction to the first/second plateaus in the transient extraction 

kinetics is similar to that used for polymer/fullerene and polymer/polymer blends in the previous 

chapters. This highlights that hole extraction in OPV devices, based on either polymer/fullerene, 

polymer/polymer or small molecule blends, is generally significantly slower than electron 

extraction. 

The increasingly convex shape of the electron extraction plateaus with increasing 𝛼-6T content 

indicates that the addition of 𝛼-6T disrupts the C60 phase, increasing its energetic disorder (Figure 

38b). Figure 38c shows the corresponding effect on the photo-generated electron mobility (blue 

traces). With increasing 𝛼-6T content electron transport undergoes a transition from 

non-dispersive (time-independent µe) to dispersive charge transport (time-dependent µe). This 

shows that, depending on the sample morphology, both charge transport regimes are possible in 

the same material. 

More concretely, the addition of the donor below 10% molar does not hinder electron transport 

in the C60 phase significantly – a quasi-equilibrium (long time) electron mobility of the order of 

µe = 1-2 cm2 V-1 s-1 is retained (Figure 38c), similar to that reported in neat C60 crystals104. In 

contrast, at donor fractions higher than 10%, the quasi-equilibrium electron mobility is roughly an 

order of magnitude lower µe = 0.08 cm2 V-1 s-1 (at 25% molar) than at low donor content. 

Therefore, at a donor content below 10% molar the C60 phase may be considered as effectively 

‘pure’ for electron transport.  

The electron disorder in the C60 phase at low donor content is considerably smaller than the 

disorder values determined for polymer/fullerene (TQ1:PC71BM) and polymer/polymer 

(TQ1:N2200) systems discussed in the previous chapters. Due to the low disorder (σ ≈ 60 meV at 

<10% donor) and on basis of Figure 38, photo-generated electron transport in the C60 phase with 

low donor concentration can be reliably described by SCLC measurements in the dark. 
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Surprisingly, increasing the donor content has a rather weak effect on hole extraction, with very 

similar hole mobilities in the range of 5.7-50% donor (Figure 38c). Hole extraction is poor only at 

a donor content of 1.5%. The physical mechanism, governing hole transport in these blends is 

discussed in the following sections. 

 

Figure 38. (a) Time-resolved charge extraction experiments at the indicated applied bias (orange 

traces), fitted by the Gaussian Disorder Model (blue traces) involving three charge populations: 

electrons in C60, holes in C60 and holes tunneling through C60 between isolated 𝛼-6T sites (see section 

9.2). (b) Electron (blue) and hole (orange) energetic disorder versus 𝛼-6T content.  

(c) Transient mobility of photo-generated electrons (blue) and holes (orange). The inset shows 

complementary SCLC measurements, showing the same trend as in the transient measurements. The 

increase in the SCLC mobility at 1.5% donor marks the onset for efficient long-range hole tunneling 

(see section 9.2). 
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9.2 Long-Range Hole Tunneling 

In paper V the transient measurement conditions were such that the hole was initially situated on 

an isolated 𝛼-6T site. Generally speaking, given the strong localization in organic semiconductors, 

hole motion between isolated donor sites that are several nanometers apart (≈ 3.4 nm at 5.7% 

molar dilution) should be quite unlikely. On the contrary, transient measurements reveal that 

when the mean center-to-center distance between isolated 𝛼-6T decreases from roughly ≈ 5.3 nm 

to ≈ 3.4 nm (corresponding to 1.5% and 5.7% molar dilution), efficient long-range hole tunneling 

through several C60 molecules occurs over distances as large as 4 nm. This is clearly visible in the 

transient extraction kinetics, with a strong increase of the hole extraction peak at long time delays 

following photoexcitation (Figure 39). 

   

Figure 39. Combined TREFISH and photocurrent measurements reveal an onset for efficient hole 

tunneling (red dashed arrows in the schematic) at an inter-donor site distance of 4 nm. 

The combined transient and SCLC dataset in Figure 38c shows that hole transport between 

isolated donor sites occurs with a reasonably high hole mobility (µh = 5-15×10-5 cm2 V-1 s-1 for 

5.7-50% donor). Since at low donor amounts (<10% molar) electron transport in the C60 phase 

remains unperturbed (µe = 2 cm2 V-1 s-1), this data shows that C60 domains containing only a trace 

amount of material with a donating character enable ambipolar transport. 

These results have several implications. First of all, the general notion that a continuous donor 

network is strictly necessary for hole transport in OPV devices is incorrect. Secondly, the 

commonly used terms of ‘pristine’, ‘neat’ or ‘pure’ phase require reevaluation. This is because, 

although C60 domains with 10% donor can be considered as effectively pure for electron transport, 

from the hole perspective, the same material, containing 90% of C60 would be typically regarded 

as ‘not pure at all’. However, our data shows that even at such low amounts of isolated donor, the 

hole mobility is similarly high as at 50% molar donor (µh = 6-11×10-5 cm2 V-1 s-1 for 10-50% donor). 

Therefore, these results question the relevance of ‘pristine’ phases and whether a continuous 

interpenetrating donor/acceptor network is the ideal morphology for charge transport. 
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9.3 Hole Extraction via the Fullerene C60 Phase 

In paper V we show that while the majority of the photo-generated holes in 𝛼-6T:C60 is transported 

between isolated donor sites by long-range hole tunneling through C60, at high reverse bias a small 

fraction (0-20%) of the photo-generated holes is transferred to and extracted via the C60 phase.  

The fraction of holes extracted via C60 can be estimated from the ratio in the extraction plateaus 

in the transient kinetics (Figure 40a). Since the photo-generated carriers are generated in pairs, a 

ratio of 0.5 means that the early time plateau is entirely dominated by the extraction of electrons. 

However, Figure 40a also shows that with increasing reverse bias the fraction of charges extracted 

at early times is increasing above 50% (thick black horizontal line in Figure 40a). Given the high 

hole mobility reported in neat C60 crystals (µh = 2 cm2 V-1 s-1)104, the bias-dependent increase of 

the early time extraction plateau was attributed to the rapid extraction of holes via C60. 

  

Figure 40. (a) Normalized transient extraction kinetics show the increasing contribution of the first 

extraction plateau with increasing reverse bias. (b) Schematic representation of the two mechanisms 

for hole transport in 𝛼-6T:C60. Black dashed arrows indicate long-range hole tunneling through C60 to 

nearby 𝛼-6T sites, whereas red dashed arrows indicate hole de-trapping from 𝛼-6T to C60 by 

Fowler-Nordheim-type tunneling, possible only at high electric fields F. 

Based on the difference between the HOMO levels of 𝛼-6T (-5.3 eV) and C60 (-6.2 eV)105, the 

energetic barrier for hole transfer from 𝛼-6T to C60 is expected to be roughly 0.9 eV = 35 kT, 

meaning that, once the hole resides on 𝛼-6T, thermal de-trapping to C60 is incredibly unlikely. 

Instead, in paper V we have suggested that hole de-trapping at high reverse bias occurs by 

Fowler-Nordheim-type tunneling106 through a triangular energy barrier (Figure 40b). 

Nevertheless, this process is only relevant at high reverse bias and not so important for operating 

OPV devices, see the next page.  
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Figure 41. Extraction plateau ratio determined from experiments (orange, left y-axis) and the hole 

fraction extracted via C60 (blue, right y-axis), as determined by GDM model fits to the transient kinetics 

in Figure 38. 

A bias-dependent measurement in Figure 41 shows that, at field strengths relevant to OPV devices 

(U = 0V corresponds to short-circuit conditions), facile hole capture by isolated donor sites rapidly 

reduces the fraction of holes transported in C60 to zero. Upon trapping on isolated 𝛼-6T, low 

electric fields are insufficient to overcome the large energy barrier for hole de-trapping transfer 

to C60, forcing all holes to move by long-range tunneling between isolated donor sites (section 9.2). 

The possible importance of ambipolar transport in the fullerene phase of organic BHJ solar cells 

has been previously highlighted by several groups103,107,108, challenging the general notion that 

hole transport is strictly facilitated only by the donor, and electron transport only by the acceptor. 

Figure 41 shows that although C60 enables efficient hole transport at high reverse bias, the fraction 

of holes extracted via C60 at relevant fields for OPV devices (U = 0V corresponds to short-circuit 

conditions) is effectively zero. Therefore, at least for the case of small-molecule-donor and neat 

fullerene (C60 or C70) OPV devices, hole extraction only via the fullerene phase can be ignored. 

However, long-range hole tunneling via isolated sites of a material with a donating character, e.g. 

donor molecules or impurities, must be considered. 
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10 Limitations of the Present Treatment 

 

Most of the experimental data presented in this thesis were fitted by the GDM model using kinetic 

Monte Carlo simulations. Nevertheless, the model has certain limitations, limiting the amount of 

insight that can be extracted from the experimental data. This chapter is intended to highlight 

some of those limitations and unpublished attempts to address those limitations. 

 

10.1 Bulk Heterojunction Morphology 

The simulations performed in this thesis assume that the BHJ film can be treated as an effective 

medium, i.e. the BHJ morphology is not explicitly accounted for. The effective medium 

approximation has turned out to be successful in describing most of the experiments presented 

in this thesis. However, we have found that, in particular for measurements monitoring the carrier 

recombination dynamics at conditions where the electric field is quite weak, e.g. in thin films or at 

‘flat-band’ conditions in OPV devices, the effective medium approximation fails to describe the 

experiments. 

 

Figure 42. Experimental carrier recombination dynamics (square symbols) in a TQ1:PC71BM device at 

‘flat-band’ conditions can be explained only by a model incorporating small aggregated inclusions of 

donor and acceptor materials in a mixed donor/acceptor matrix (see schematic). Experimental data 

are shown at the lowest measured pump-fluence (2.5×1012 photons cm-2 per pulse) in Figure 25. 

Figure 42 shows the previously described carrier recombination kinetics as measured by TA and 

Photo-CELIV in a TQ1:PC71BM device at ‘flat-band’ conditions, i.e. at a low electric field (Figure 25). 

The black dashed trace corresponds to a model prediction using the experimentally determined 
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simulation parameters that have successfully described the charge extraction and thermalization 

data in TQ1:PC71BM discussed in the previous chapters. However, here, the model fails to describe 

the experiment. 

It is well documented in literature that aggregated donor and acceptor domains may suppress 

carrier recombination44,109–111. Therefore, we have modified our model to incorporate inclusions 

of aggregated donor and acceptor materials in an otherwise mixed BHJ matrix (Figure 42).  

A total of four 3x3 inclusions, two for the donor, two for the acceptor in a 10x10 unit lattice 

describing the mixed donor/acceptor phase, were included.  Figure 42 shows a top view of the 

lattice, i.e. these inclusions are pillars extending throughout the entire thickness of the BHJ film. 

The energy levels of the aggregated regions were set such that the photo-generated carriers are 

driven from the mixed phase into the aggregated regions, which were described by lower 

energetic disorder values than in the mixed phase. The reasonably good fit to experimental data 

shows that to simulate the carrier recombination dynamics at low electric fields, the BHJ 

morphology has to be taken into account, at least crudely, as shown here. 

Note that the inclusion of the BHJ morphology was not so important when modelling the TREFISH 

and photocurrent measurements, as they are typically performed at short-circuit conditions 

(1V per 100 nm) or high reverse bias, where charge carrier recombination is not severe (IQE in 

TQ1:PC71BM is ≈ 83 % at short-circuit). In contrast, the BHJ morphology is important to consider 

at low electric fields, i.e. lower than at short-circuit conditions, where an increasing fraction of the 

photo-generated carriers undergo recombination. Taking into account the BHJ morphology in the 

model will be particularly important when describing the open-circuit voltage (VOC) of the 

operating device, since at open-circuit conditions all of the photo-generated carriers recombine. 

 

10.2 IV Curve under Continuous Illumination 

The most important question to answer is how the gradual thermalization of photo-generated 

carriers affects the IV curve and the open-circuit voltage (VOC) of the OPV device under continuous 

illumination. In principle, this can be answered by simulating the IV curve by kinetic Monte Carlo, 

using simulation parameters obtained from fitting the transient data described in the previous 

chapters. This requires an appropriate description of both the photoactive layer morphology (see 

the previous section) and the properties of the extracting electrodes.  

When simulating the transient extraction measurements, we have previously assumed that the 

electrodes act as sinks for the photo-generated carriers. In other words, only charge extraction 

was considered, whereas charge injection from the electrodes into the OPV film was not 

accounted for. This is justified on basis that charge extraction measurements were performed 

under short-circuit conditions or high reverse bias. However, in order to simulate the IV curve of 

an operating OPV device, the electrodes must allow for charge injection into the OPV film. 

Generally speaking, such IV simulations using kinetic Monte Carlo are very time consuming. This 
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makes it particularly challenging to verify whether the properties at the contacts are described 

correctly. 

Figure 43 shows some preliminary IV simulations, using kinetic Monte Carlo, for the TQ1:PC71BM 

photovoltaic device under continuous illumination. Most of the simulation parameters, except 

those describing the contacts, were set to values obtained from fitting the transient data described 

in the previous chapters. Evidently, by taking into account the BHJ morphology, the FF of the 

simulated IV curve improves, however, it remains too low to describe the experimental IV curve.  

Note that the agreement between the experimental and the simulated VOC is merely due to the 

fact that in the simulations the energetic position of the donor HOMO and acceptor LUMO levels, 

i.e. the effective bandgap of the organic solar cell, can be adjusted to fit the experiment. The 

mismatch between the experimental and the simulated FF is considerably more important and 

must be accounted for.  

We have, at the time of writing, tested various conditions to correct for the mismatch between 

the experiment and simulations, such as varying the carrier hopping parameters, reducing the 

carrier recombination rate, increasing the dielectric constant, adjusting the injection barrier 

heights and/or using the Marcus carrier hopping rate112. In all cases, the FF of the simulated IV 

curve does not exceed the one shown in Figure 43. We are now convinced that the properties at 

the injecting contacts are responsible for the mismatch in our current simulations. Further studies 

are necessary to relate the non-equilibrium phenomena described in this thesis to the properties 

of the IV curve. 

 

Figure 43. The IV curve of the TQ1:PC71BM photovoltaic device under continuous AM1.5g illumination 

in experiment (open squares) and simulated by kinetic Monte Carlo (circles). Simulations were 

performed when considering only the mixed donor/acceptor phase without aggregates (empty round 

symbols), and with small aggregated inclusions of donor and acceptor materials in an otherwise mixed 

donor/acceptor matrix (filled round symbols), shown in the schematic. 
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11 Conclusion 

 

The combined dataset presented in this thesis shows that charge transport in disordered organic 

solar cells is governed by the gradual thermalization of the photo-generated carriers. Charge 

extraction from an OPV device can be successfully described by a time-dependent carrier mobility. 

This was shown to be the case for polymer/fullerene, polymer/polymer and small-molecule-based 

BHJ organic solar cells.  

In contrast, the use of quasi-equilibrium mobility values, such as those obtained by measurements 

without photoexcitation, is highly questionable in view of the typically large energetic disorder in 

OPV materials. Due to the dispersive nature of charge transport, even a properly defined mean 

carrier mobility is only an approximation of the underlying physics. 

Although, according to our estimates, the photo-created carriers can be extracted from the OPV 

device before reaching quasi-equilibrium, this is of fairly limited use, as most of the excess photon 

energy is dissipated on ultrafast time scales by fast diffusive motion. Thermalization in the disorder 

broadened DOS should be avoided altogether. The solution, although it is not entirely evident how 

to accomplish this, is to reduce the energetic disorder. This would increase the maximum 

attainable electrical energy per electron-hole pair, and also increase both the transient and the 

quasi-equilibrium charge carrier mobility, leading to improved photovoltaic performance. 

Hopefully, the framework laid out in this thesis serves as motivation to continue this pursuit. 

 

 

12 Outlook 

 

Most of the experimental data presented in this thesis were collected on just a few material 

systems. The relevance of the non-equilibrium processes described here to other OPV systems 

was assigned largely on basis of related observations in literature and the generality of the GDM 

framework. Further experimental studies, using different materials, may not only reveal 

exceptions to this rule, but also provide further material design motifs for reduced energetic 

disorder113,114. 

The results presented here also raise a number of questions that may serve as motivation for 

further studies. Each idea is discussed separately in the sections that follow. 
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Hot Carrier Organic Solar Cell 

One might think, given the results presented here, that the operation of the organic solar cell 

resembles that of a hot carrier solar cell, where the photo-created charges are extracted before 

their full thermalization takes place. This is correct, however, note that without appropriate 

electrodes, it is impossible to convert the extra energy stored in the non-thermalized carrier 

populations to electrical energy, i.e. it is impossible to gain in VOC.  

This is largely due to the fact that regular Ohmic electrodes are ‘cold’ for the hot photo-generated 

carriers. Regular Ohmic electrodes allow for the exchange of photo-generated carriers between 

the absorber and the electrodes over energies in the absorber. The thermalization of hot 

photo-generated carriers in the electrodes then results in a significant loss of the photo-generated 

carrier energy to heat. In addition, the unimpeded exchange of cold electrons from the electrodes 

with the photo-generated carriers in the absorber further cools down the photo-generated carrier 

population. 

To make use of the energy stored in non-thermalized carrier populations, requires 

energy-selective contacts, where the photo-generated carriers are extracted through a narrow 

energy range115. Resonant tunneling through quantum dots or heterostructures is generally 

considered as the most viable solution in inorganic photovoltaics23. However, the actual 

implementation, i.e. a demonstration of a hot carrier solar cell working at practically relevant 

power conversion efficiencies, remains very challenging.  

Note that, since most of the excess photon energy (1-2σ) in an organic solar cell is lost by ultrafast 

diffusive charge motion, to prevent this loss, the photoactive layer in an organic hot carrier cell 

would have to be extremely thin (roughly <10 nm) and operate mainly based on diffusion. The 

limited absorption of such a thin photoactive layer would pose constrains on the maximum 

attainable electrical power. The maximum attainable VOC of a hot carrier BHJ organic solar cell 

would be set by the charge-transfer state manifold. Organic solar cells where efficient charge 

separation does not take place via the CT state, e.g. those based on a single material, would loosen 

the VOC constraint. 

 

Relating the CT Manifold to the Density of States 

The energy of the CT state is known to set the VOC of the OPV device31,32. In principle, the gradual 

thermalization of the photo-generated carriers, taking place in the DOS, also limits the VOC 

(ref. 29). The two pictures should be somehow mutually consistent. Thus, it would be particularly 

helpful to elucidate how the energy of the CT manifold is related to the energies of the hopping 

sites in the carrier DOS. 

Generally speaking, the DOS describes all of the hopping sites, whereas the CT manifold only 

corresponds to those sites that form a donor/acceptor interface. As such, the CT manifold 
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corresponds to only a subset of sites in the collective DOS, i.e. the combined DOS of the donor 

HOMO and the acceptor LUMO. Although the properties of the donor/acceptor interface can be 

probed by spectroscopic tools, the rest of the DOS is typically invisible in such measurements and 

must be probed by alternative means. Describing the CT manifold and the DOS by a consistent 

formalism would elucidate the physics of organic solar cells further. The added benefit of such a 

study would be that it may also answer the question as to why, despite the gradual thermalization 

of photo-created charges, do the assumptions of detailed balance and quasi-equilibrium apply in 

describing the VOC
22,31. 

 

Temperature-dependent Charge Extraction Measurements 

Since photo-generated carrier thermalization takes place downward in energy, the initial 

thermalization dynamics should be insensitive to temperature. In contrast, the latest time scales 

of thermalization, where an increasing number of thermally activated (upward) hops occurs, the 

thermalization dynamics would be temperature-dependent. This hypothesis has already been 

confirmed by TREFISH and photocurrent measurements on neat polymer films74, nevertheless, it 

would be interesting to also perform such measurements on OPV devices. 

 

Charge Extraction Measurements using Different Photoexcitation Conditions 

The relevance of the combined TREFISH and photocurrent extraction data to OPV devices 

operating under continuous illumination conditions was assumed on basis of kinetic Monte Carlo 

simulations and the fact that the transient experiments were performed in the linear 

pump-fluence regime. Instead, a more direct measurement would be more convincing. For 

example, the combined TREFISH and photocurrent experiment could be performed on a 

photovoltaic device that is, in addition to the pump and the probe pulses, continuously 

illuminated, e.g. by a light-emitting diode (LED), corresponding to 1 sun illumination conditions. 

Furthermore, it would be interesting to perform the combined TREFISH and photocurrent 

measurement under different pump wavelengths. Regardless of the photon energy, following 

exciton dissociation the electron is most likely to be transferred to the DOS center of the acceptor 

LUMO (or the donor HOMO for photo-induced hole transfer). Hence, the electron thermalization 

dynamics that follow photo-induced charge transfer, are expected to be insensitive to photon 

energy. The same argument holds for hole transfer. This is in a way already visible in the data 

presented in this thesis, where the transient measurements were performed at different 

excitation wavelengths. However, the measurements were performed on different OPV systems. 

An additional study, using only a single material system would verify the above hypothesis. 
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Improving Long-Range Hole Tunneling 

The limits of long-range hole tunneling remain to be explored. This development is particularly 

exciting as long-range hole tunneling loosens the requirements on the BHJ morphology. 

In principle, the tunneling probability between isolated sites depends on the difference in the 

HOMO levels between the donor molecule and the host matrix (C60 in paper V). Therefore, hole 

transport via isolated donor sites could be enhanced by a suitable choice donor and host materials.  

It is worthwhile to investigate whether such long-range tunneling phenomena also occur in other 

OPV systems, including those not employing fullerene acceptors, and also whether long-range 

electron tunneling takes place between isolated acceptor sites.   
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Appendix 

 

Investigated materials 

 
Figure A1. Chemical structures of the donor and acceptor materials used in this thesis. The interface 

material PFPA-1 is also shown. 

Table A1. Full material names. 

TQ1 Poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] 

PCDTBT Poly[N-11’’-henicosanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-

benzothiadiazole)] 

rrP3HT Regioregular Poly(3-hexylthiophene-2,5-diyl) 

𝛼-6T Alpha-sexithiophene 

C60 Buckminsterfullerene 

PC61BM [6,6]-phenyl-C₆₁-butyric acid methyl ester 

PC71BM [6,6]-phenyl-C71-butyric acid methyl ester 

N2200 Poly(N,N′-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl-alt-

2,2′-bithiophene-5,5′-diyl) 

PFPA-1 Poly(3,3'-([(9',9'-dioctyl-9H,9'H-[2,2'-bifluorene]-9,9-diyl)bis(4,1-

phenylene)]bis(oxy))bis(N,N-dimethylpropan-1-amine)) 

TQ1

PCDTBT

 -6T
rrP3HT

C60

PC71BM

PC61BM
N2200

PFPA-1
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