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Abstract 

Solar energy is regarded to be a key candidate for renewable energy, as the solar radiation reaching the 

earth per second is more than the world population uses in years, solutions are researched to capture this 

solar radiation. While the standard solar cells found on roofs worldwide are usually silicon-based, new 

generation solar cells are fabricated based on cheaper materials and/or easier production. Some of these 

cells include perovskites, organic solar cells or CIGS. The main challenges with these new generation solar 

cells lies in increasing the efficiency of these cells. In this project, organic solar cells are investigated on 

their solar cell characteristics, as well as understanding one of the main loss processes: charge transfer. 

New methods for determining the key parameters of this charge-transfer state are investigated on their 

viability and ease of use. 

Organic bulk heterojunction solar cells are fabricated using three different polymers as the donor 

materials and three different fullerenes as the acceptors: PTB7-Th, PDPP5T, and P3HT are used as the 

donors, while [70]PCBM, [60]PCBM, and ICBA are chosen as the acceptors. These different materials are 

combined in ratios found to be optimal in previous experiments. These blends are tested using J-V 

measurements, EQE measurements and sub-bandgap EQE measurements. ICBA continuously shows a 

higher VOC than the PCBM acceptors, but the material lacks in current density. PTB7-Th is found to be the 

best donor for these acceptors, followed by PDPP5T and P3HT in that order. This is mainly due to the 

broader absorption range of PTB7-Th and PDPP5T with respect to the P3HT, with PTB7-Th showing a 

higher average EQE than PDPP5T. 

Five methods of visualizing the sub-bandgap EQE measurements are compared, including peak 

normalization, drop-point normalization, the real EQE, peak-ΔEQE and DP-ΔEQE. A Gaussian fit derived 

from Marcus theory is applied to all these methods on their ease of fit. It is found that the DP 

normalization and DP-ΔEQE provide more accurate results as compared to the peak normalization and 

peak-ΔEQE. This ΔEQE, which subtracts the normalized EQE of an ICBA blend from a PCBM blend to extract 

the CT state absorption, is found to be an improvement on the ease of fit of the CT state energy. The CT 

state energy and the reorganization parameter from these fits can in turn be used to extract the scaling 

factor from the real EQE. 

Increasing donor:acceptor weight ratios are investigated using different donor:[60]PCBM blends on their 

solar cell characteristics and CT state. The weight ratios determined from previous experiments have 

shown to be (near) optimal for the PCE of the solar cells. For the various donor blends, no clear trend can 

be found which is valid for all donors, with PTB7-Th and PDPP5T showing an increase in CT state energy 

as the D:A ratio increases, while P3HT shows a clear CT energy minimum for an intermediate D:A ratio. 

For all donor:[60]PCBM blends, a parabolic trend in scaling factor is found as the D:A ratio increased with 

a certain maximum found for weight ratios slightly higher than the PCE-optimum weight ratio. 

An extra feature found in the low energy region of high donor concentrations could not be explained using 

polarons, but interface effects are regarded as a possible explanation due to a decrease in EQE-peak 

intensity within polarized sub-bandgap EQE measurements  when rotating the polarizer from 0° to 90°. 

An extra feature found at 1.2 eV for donor:ICBA blends was determined not to be due to ICBA anions as a 

result from absorption measurements on a doped and non-doped ICBA thin film. 
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Chapter 1: Introduction 
The human population has made a huge impact on global warming and climate change which is spoken 

about so much these days. These phenomena are considered to be the greatest threat to human existence 

on planet earth. NASA’s Goddard Institute for Space Studies (GISS) has shown that the global temperature 

has increased with 0.9 °C between 1880 and 2017.1 This is mainly due to an enormous increase in 

greenhouse gasses, such as CO2, in the atmosphere. These gasses trap heat, and thus play a large role in 

climate change.2 

 

Figure 1: Global primary energy consumption in TWh since the year 1800, split into the different energy sources used. 
Adapted from Smil.3 

1.1: The importance of renewable energy 
Even though CO2 is a naturally occurring gas, the total amount of CO2 in the atmosphere has risen greatly 

since humans have started burning fossil fuels. BP’s energy outlook of 2018 shows that the global energy 

consumption has risen sharply since 2000 with about 30%, while a further increase of 34% is expected by 

2040 compared to 2018. As the total human population has greatly increased, the global energy 

consumption has increased exponentially, the latter illustrated in Figure 1. Fossil fuels have been the main 

energy source so far, increasing the CO2 levels above 400 ppm. An increase to 600 ppm is expected by 

2100.1,2,4,5 It is expected that the global temperature will increase with 1.9 °C, which could have disastrous 

consequences, like the fast rise of sea levels due to the melting ice caps at the earth’s poles. A drastic 

decrease in CO2-emissions is thus required, which can be achieved by replacing fossil fuels with renewable 

energy resources.  

Major renewable energy resources include solar energy, wind energy and hydro power.6 It is unlikely that 

hydropower will rise up further to provide all the energy demand, as the most efficient sites for 

hydropower have already been developed.7 Wind energy on the other hand has the disadvantage of 

horizon pollution and noise pollution, the latter proportional to the wind speed. As the solar irradiation 
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per second provides more energy than humanity will use within years, while being free and available 

worldwide, it is the most promising of the three. 

1.2: The rise of solar energy 
In 1839, Becquerel discovered the photovoltaic effect, which described the presence of a current when a 

material was exposed to light.8 It took until 1954 that an efficient (crystalline silicon) solar cell was 

developed by Chapin et al. with a power conversion efficiency (PCE) of 6% by making use of a p-n junction.9 

These solar cells were first used in space for the generation of electricity on a satellite. As this new 

technique of solar cells was extremely expensive, other applications were not present.10 Due to the oil 

crisis of the 1970s, interest in alternative fuel sources than fossil fuels was raised, leading to an increase 

in research focused on renewable resources, like solar energy. The solar cell market nowadays is 

dominated by silicon solar cells, where the best cells have reached PCEs of over 25% in optimized 

laboratory conditions.11 These silicon cells however have the main disadvantage of a high manufacturing 

cost, as thick silicon wafers of high purity are needed. These cells with high costs, high stability, and high 

efficiency were named as the first generation solar cells.12 

The next step in solar energy was to drastically decrease the production costs. Unfortunately, these 

second generation cells also showed a much lower PCE. These thin-film solar cells are best known for the 

amorphous silicon (a-Si:H), cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) cells.13 

Even though these cells eventually reached 14%, 22.1% and 22.6% efficiency, respectively, they are still 

deemed unfit, as gallium is very scarce, while cadmium is toxic. These efficiencies can also be found in 

Figure 2. 

This has led the way for the third generation solar cells, which should be both cheap and highly efficient. 

Typical examples of this category of solar cells are perovskites and organic solar cells. As organic solar cells 

can be processed from solution, they can be produced via roll-to-roll processing, which has significantly 

lower costs than the production of silicon solar cells. Furthermore, this makes it possible to create flexible 

devices, which are seen more frequently on devices nowadays.14 Despite this, the efficiencies of large-

area organic solar cells are still much lower than the first generation solar cells with an efficiency of 

11.3%.11,15 A sharp increase of efficiency is needed to successfully commercialize organic based devices. 

To achieve this higher efficiency, it is necessary to completely understand how these cells work for further 

improvement. 
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Figure 2: NREL table of current record cells for each generation solar cell. Obtained from NREL.11 

1.3: Organic solar cells 
The first aromatic compound which was found to show photoconductivity was anthracene.16 

Semiconducting properties of organic dyes and biological pigments were discovered around the 1960s.16 

The investigation of organic semiconducting materials was continued around 1977, when the effect of 

doping on the conductivity of polyacetylene was discovered. Because of this discovery, interest was 

sparked in organic solar cells, leading to the investigation of other different semiconducting polymers, 

quickly leading to the discovery of electroluminescent behavior of poly(p-phenylene vinylene) polymers 

and the first polymer light emitting diodes.17 

Weinberger et al. were the first to use polyacetylene in a solar cell, sandwiched between two different 

electrodes.18 Even though a photovoltaic effect was seen, the PCE was very low at 0.3%, with an open 

circuit voltage of 0.3 V. 16 In 1985, the development of a bilayer architecture proved to be a great 

improvement over the single layer cell, with a PCE around 1% under AM2 illumination.18 With the 

introduction of the bulk-heterojunction solar cell, in which an electron donating and accepting material 

were mixed creating a bicontinuous network, the next big breakthrough was found, which is the 

morphology most of the organic solar cells used nowadays are based on.19 
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1.4: Aim and outline 
Organic photovoltaics have overcome the 10% barrier in power conversion efficiency.20 Besides the 

improvement from single layer to bilayer to bulk heterojunction, many other improvements can be made 

to the solar cells. This project will be focused on understanding one phenomenon in organic solar cells 

which has been ambiguous to date, namely the charge transfer states. Even though the CT state itself can 

be described well in theory, it has appeared to be very hard to precisely dictate the character and energy 

of this CT state, leading to many different opinions on how to determine CT-state characteristics. 21–24 As 

the CT state sets the limit to the open circuit voltage of the cell, it is of great importance to understand 

which factors affect the CT state and how they can be possibly altered. 

In chapter 2, the theory regarding solar cells will be discussed, including the working principle, structure, 

materials and loss processes. Additionally, CT states are introduced, as well as the characterization 

methods to be used for determination of solar cell characteristics, including J-V measurements, EQE 

measurements and sub-bandgap EQE measurements. In chapter 3, sub-bandgap EQE measurements are 

discussed further with extra theory. Furthermore, optimizations of the sub-bandgap EQE setup are 

discussed, to be able to measure clear band shapes with as little noise as possible on the signal at the 

lowest possible photon energies. This improved measurement protocol will then be used in chapter 4, 

where all possible donor:acceptor blends of the afore mentioned donors and acceptors are characterized 

on their solar cell characteristics, along with the CT state using sub-bandgap EQE. Using these sub-

bandgap EQE spectra, different analysis methods are compared on their ease and quality of fit using a 

Gaussian equation for the CT band. In chapter 5, the regarded optimal method is used to characterize the 

change of CT-state parameters, including ECT, λ, and f, as the donor:acceptor ratio is changed. The changes 

in CT-state is correlated to the solar characteristics of these different donor:acceptor ratios for further 

understanding of the underlying processes. Chapter 6 is focused on the discussion of found anomalies in 

reported spectra in earlier chapters, by using in-depth analysis using doping and polarized sub-bandgap 

EQE measurements.  
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Chapter 2: Theory 
As this project is focused on the characterization of CT states of organic bulk heterojunction solar cells, it 

is first important to know how an organic bulk heterojunction solar cells works, what CT states are and 

which characterization methods can be used.  

2.1: Organic bulk heterojunction solar cells 

2.1.1: The working principle 

In contrast to inorganic solar cells, organic solar cells need π-conjugated molecules to absorb the energy 

from the photons emitted by the sun. The typically high absorption coefficients of these π-conjugated 

molecules should allow for high short circuit currents if there is sufficient overlap with the solar spectrum. 

When a photon with an energy higher than or equal to the bandgap of the donor is absorbed in the active 

layer, an electron is excited from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO), which is shown in a simplified form in Figure 3.1. This process is called exciton 

formation. Excitons are coulombically bound electron-hole pairs which are formed when a photon is 

absorbed by the electron donating or accepting material, as shown in the schematic overview in Figure 4. 

In organic solar cells, the electron donating material often is a conjugated polymer, while fullerenes are 

usually taken as the electron accepting material. However, in more recent organic solar cells, non-

fullerene acceptors are also used, often providing higher efficiencies. 20  

 
Figure 3. Schematic overview on the working principles of a donor-acceptor heterojunction. (1) Light is absorbed in the donor 

leading to the excitation of an electron from the HOMO to the LUMO level of the donor, forming an exciton. (2) Exciton 
diffusion towards the donor-acceptor interface. (3) Charge transfer from the LUMO of the donor to the LUMO of the 

acceptor. (4) Charge separation from exciton to free charges. (5) Charge transport to electrodes. (6) Charge collection. 
Obtained from Hendriks. 25 

The strong coulombic forces between this hole and electron are caused by the relatively low dielectric 

constant of the organic materials (εr ≈ 2 – 4), which in turn lead to an energy barrier for charge separation, 

which is unknown for inorganic solar cells.26 This is the reason that for charge separation, an electron 

accepting material is also needed as the electrical field within the donor material itself is not strong 
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enough to separate the charges. This charge separation of the exciton into free charge carriers is typically 

possible when the difference of the HOMO energy and LUMO energy of the donor or the acceptor is larger 

than 0.3 eV. Differences in energy which are lower than this value will significantly reduce the short circuit 

current of the cell.27 An example of such a cell is given in Figure 4. After charge separation, the charges 

are transported through the active layer towards the contacts where they are extracted from the cell. 

When two charges are attracted to each other on their way to the contacts at an interface, they recombine 

and thus are lost, which leads to a smaller current density JSC. 

 
Figure 4: Left: General representation of the energy level alignment of a donor and acceptor. Middle: A HOMO level of the 

donor which is raised leads to a lower open circuit voltage. Right: A decrease in LUMO energy leads to a driving force which 
is no longer sufficient to separate the charges. Obtained from Aerts.28 

Several loss mechanisms are known for organic solar cells, some of which are related to the formation of 

excitons.29,30 Excitons have a very short lifetime of less than 1 ns, thus they can only diffuse over a short 

distance, typically in the range of several nm.31 The donor and acceptor material will thus have to be well 

mixed to be able to separate the charges with an acceptable efficiency, as the free charge carriers can 

only be formed at the interface of the donor and acceptor. The amount of mixing of these materials greatly 

determines the final efficiency of the solar cell.32,33 When the materials have not been mixed enough, the 

exciton diffusion length is not sufficient to reach the interface, causing many of the generated excitons 

not be able to convert in to separate charges. Mixing too intimately leads to many excitons being 

converted to separate charges, but hardly any can be transported to the electrodes as there is more 

chance of recombination, as the domains of the donor and acceptor need to connect through the active 

layer of the solar cell towards the electrodes. It is very beneficial to have a very crystalline donor or 

acceptor material, as this phase has less defects than the amorphous counterpart, decreasing the amount 

of energetic trap states inside the blend. These energetic traps increase the amount of recombination, 

which decreases the efficiency of the cell. A highly pure and crystalline material is also able to provide 

higher charge carrier mobility, increasing the current and fill factor of the solar cell. 25,34,35 

One of the other characteristics of a solar cell is the open circuit voltage, or VOC. This VOC is determined by 

the difference between the LUMO level of the acceptor and the HOMO level of the donor as indicated by 

the empirical formula given below.27 This VOC will be explained further later on. 

𝑉OC ≈
1

𝑒
(|𝐸HOMO

D | − |𝐸LUMO
A |) − 0.3   eq. (2.1)  
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2.1.2: Device layout 

The intimate donor:acceptor blend solar cell is called the bulk-heterojunction (BHJ) solar cell.36 An 

example of the layout of a typical BHJ can be seen in Figure 5 in the middle. At the donor:acceptor junction, 

the electron can be transferred from the LUMO of the donor to the LUMO of the acceptor, creating the 

separate electron and hole. These separate charges can move further to the electrodes by two methods 

of charge transport; drift and diffusion. When the charges are collected at the electrodes, the resulting 

current can be used in the external circuit.18 A large benefit of a BHJ solar cell is that the active layer of 

the solar cell can be processed from a solution where both the donor and acceptor are present, giving the 

possibility to fabricate devices of several hundred nanometers, with an active layer thickness of over 100 

nm for increased total absorption.25 This has the disadvantage however that the morphology of the active 

layer is very hard to control. Figure 5 shows three different possibilities of configurations for the solar 

cell.28 The bilayer configuration obviously has the lowest interface of all, making the total distance for 

exciton diffusion often too large, leading to a small short circuit current. The ideal configuration would be 

as in Figure 5 on the right. However, this morphology is almost impossible to prepare. The BHJ as shown 

in the middle thus works as a compromise with reasonable results due to fairly good control over the 

morphology. 

 

Figure 5. Left: Bilayer configuration of an organic solar cell. Middle: The typical bulk-heterojunction solar cell. Right: Ideal 
configuration of an organic solar cell. Obtained from Aerts.28 

For an organic cell, the light enters from the glass side, through a transparent, hole conducting electrode. 

This electrode usually is a conductive oxide, like indium tin oxide (ITO), which works as the anode. As this 

ITO layer is generally quite rough, a thin layer of PEDOT:PSS (poly(3,4-ethylenedioxythiophene) with 

polystyrene sulfonate) is spin coated on top, which also optimizes the alignment of the Fermi levels.37 The 

active layer is then spin coated on top, after which a LiF layer is evaporated, followed by an aluminum 

contact. This aluminum contact is more optimal than ITO to conduct electrons over holes due to a lower 

work function. The LiF layer also helps to align Fermi levels and create an ohmic contact to the aluminum 

top electrode. Furthermore, the top electrode helps to reflect light which has not been absorbed, further 

increasing the total absorption of the incoming sunlight.30,38  

2.1.3: Material choices 

As mentioned before, conjugated polymers are an obvious choice for the donating material due to their 

high efficiencies, while fullerenes and their derivatives seem to be very good electron accepting materials. 

This is due to their good crystallinity, good electron mobility, and their ability to be processed from 

solvents in which the polymer also can be dissolved.39 The best known acceptor materials are known as 

[60]PCBM ((6,6)-phenyl-C61butyric acid), and [70]PCBM ((6,6)-phenyl-C71butyric acid). The main difference 

between these two materials is the higher absorption at lower wavelengths in the visible region for 

[70]PCBM, making this material an ideal choice in combination with a low-bandgap polymer.40 
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Many different donor materials have been synthesized for organic solar cells, such as MEH-PPV as one of 

the first experiments,19 MDMO-PPV as a big improvement on MEH-PPV,41 followed by P3HT42 and PTB7.43 

An important similarity between all these materials is the alkyl chain they all carry on their π-conjugated 

backbone to keep the material solution processable. In more recent experiments, the polymer has been 

adjusted to fit the LUMO of the acceptor to achieve the highest possible efficiency. Tuning of the HOMO 

and LUMO levels of the donor material is easier to achieve than the acceptor, as the donor can alternate 

electron-rich or poor units inside the conjugated polymer backbone. This alternation leads to a smaller 

optical bandgap by increasing the donor strength, as shown in Figure 4. The bandgap can also be altered 

by making use of a donor with a different HOMO level. A raised HOMO level of the donor provides a lower 

VOC, as shown in Figure 4 in the middle. A decrease of the LUMO level shows that the required LUMO-

LUMO offset is no longer met, resulting in an insufficient driving force to separate the charges. 

The morphology of the active layer can be fine-tuned as well, as several intrinsic and extrinsic variables 

can influence this. The composition of the backbone and the exact choice of fullerene cannot be changed 

without also influencing the electronic properties of the blend a great deal as well. Controlling the side 

chain length or the molecular weight however can control the crystallization behaviour of the polymer. 

Extrinsic parameters which can be altered are the solvents which are used, evaporation rate, annealing 

technique, type of deposition, or the ratio of the donor and acceptor.39 Solvent additives can also improve 

the morphology, but the exact function of these additives is still under investigation.44,45  

Within this project, mainly three different acceptors and donors are used, each of a different strength. As 

donors, the polymers PTB7-Th (PCE10), PDPP5T and P3HT are used, of which PTB7-Th is the strongest 

donor and P3HT the weakest of all, mainly determined by more efficient charge transport.46 As the 

acceptors, three fullerenes are chosen, namely [70]PCBM, [60]PCBM and ICBA. Of these acceptors, 

[70]PCBM is the strongest and ICBA the weakest. Fullerene acceptors are known for their inherently low 

LUMO level. While both PCBM derivatives have a similar LUMO, it is higher (more negative) than for ICBA. 

The [70]PCBM mainly improves on [60]PCBM in absorption of the visible region of light, leading to higher 

currents as more photons are absorbed. Experiments have proven ICBA to be superior to [60]PCBM in 

terms of higher VOCs, while being limited in JSC. This loss in JSC is mainly due to an increase in free energy 

of photoinduced charge generation, inhibiting the photoinduced electron transfer between the polymer 

and the fullerene.47,48 One would expect the blend of PTB7-Th and [70]PCBM to provide the highest PCE 

as their absorption spectra complement each other, while the blend of P3HT and ICBA should provide the 

lowest efficiency due to lacking absorption. The structures of these materials can be found in Figure 6. 

The relative donor/acceptor strength is mainly determined by the materials which are blended, as the 

charge transport is determined by the HOMO and LUMO levels of the materials. If the mismatch of the 

LUMO from the donor and acceptor is too small for example, charge transport and separation will be 

limited, leading to a worse efficiency. The strongest donor, PTB7-Th is the donor with the highest HOMO 

level and smallest bandgap, for higher amounts of sunlight harvesting.49,50 
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Figure 6. The different donors and acceptors used in this project with the donors on the left and the acceptors on the right. 
The strongest donor/acceptor is shown on top, the weakest donor/acceptor on the bottom. 

2.1.4: Losses 

It is impossible to achieve 100% conversion of sunlight to energy. Aside from losses like the Carnot cycle, 

junction and contact voltage losses, the biggest problem in single junction solar cells is the mismatch of 

bandgap and thermalization losses.51 Within solar cells, only photons with a higher energy than the 

bandgap of the materials can be absorbed. Photons with a lower energy are not absorbed and thus 

transmitted. Photons with a much higher energy however will thermalize to the band edges, leading to 

even more energy losses in the form of heat. This problem can be solved by using multi-junction solar 

cells, where different layers are used with decreasing bandgap as the light moves further into the cell. 

Recombination is another problem, especially in organic solar cells. As charges recombine, they are 

obviously not able to reach the electrodes for charge extraction. Recombination can be countered by 

controlling the morphology, as explained earlier on. 

The maximum efficiency for a single-junction solar cell is given by the Shockley-Queisser limit, taking in all 

the loss factors into account which have just been mentioned. This limit is calculated to be around 33.4%, 

without making use of light concentration or solar radiation.52 The decrease in VOC with respect to the 

band gap is due to two types of recombination: radiative and non-radiative. As eq. (2.1) indicates, a loss 

factor of 0.3 eV is present, which is due to different physical factors such as recombination or 

reorganization energy. This factor makes it harder to control the exact VOC of a bulk heterojunction solar 

cell.53,54 This is further illustrated in Figure 4. 

 𝐸loss = 𝐸g − 𝑒 ∙ 𝑉OC  eq. (2.2) 

 
In eq. (2.2), the minimal energy loss of a device is shown. As the loss from the eq. (2.1) stacks with the 

0.3 eV needed to efficiently separate the charges, there typically is a minimum energy loss of 0.6 eV. The 
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formula for the minimal loss serves as a design criterion for the solar cells. This was previously mentioned 

in eq. (2.1) and eq. (2.2), where the loss of 0.3 eV in eq. (2.1) is due to radiative recombination. The non-

radiative recombination can be geminate or non-geminate, which is an issue unique to OPVs. In geminate 

recombination, charge pairs recombine due to inefficient charge separation, which is a process dependent 

on electric field. This makes non-optimal OPVs highly dependent on applied bias. Non-geminate 

recombination is the recombination of separated charges due to the low charge mobilities within the 

organic materials. As the donor and acceptor are blended intimately, the opposing charges are likely to 

encounter each other at a donor:acceptor interface.55,56 

2.2: CT states 
Charge transfer (CT) excitons are weakly bound electron-hole pairs at the interface of an electron donor 

and an electron acceptor material, populated via photoinduced electron transfer after excitation of either 

the donor or acceptor.21 The CT states play an important role in organic solar cells, as they are the 

precursor to the free charge carriers. The quantum efficiency of CT-state formation after photon 

absorption and the separation into free charges that follows determine the short-circuit current under 

illumination, while the energy of the CT state sets a maximum value for the open-circuit.57 To obtain a 

high VOC, a high ECT is thus highly preferable. However, exact determination of the energy of the CT state 

from their spectral responses remains highly debated.23,58–61 This makes that the minimal energy losses 

which occur during electron transfer from the photoexcited donor or acceptor to the CT state have not 

been determined in general.  

Three different types of CT state are possible: one where the CT state is higher in energy than the lowest 

singlet excited state, one where the CT state is lower in energy than the lowest singlet excited state, and 

one where the CT state is lower in energy than both the lowest singlet and lowest triplet excited state. 

This is illustrated in Figure 7.21 Furthermore, this figure shows that the transfer from the lowest singlet 

excited state to the charge transfer state occurs via photoinduced electron transfer. The driving force for 

this photoinduced electron transfer (−𝛥𝐺CT = 𝐸g − 𝐸CT) should be minimized. This loss due to photon 

energy/bandgap mismatch for single junction organic solar cells is generally much higher for organic solar 

cells than their inorganic counterparts. 40,42,62 The minimal possible photon energy loss is still unknown to 

date.63,64 It has been shown that driving forces as low as 0.1 eV are sufficient for effective depopulation of 

the excited states.60 Furthermore, charges can recombine from the CT state to the lowest excited triplet 

state as well, generating additional significant losses, as seen in Figure 7 in situation IIa as CRT (charge 

recombination to triplet state). This results in lower photocurrents.27,57,60,61 This triplet loss mechanism is 

possible when the CT state energy is at or higher than the energy of the lowest excited triplet state energy, 

thus it mainly occurs in cells with a high VOC, as the CT state energy is shown to relate the open circuit 

voltage with the empirical relation eq. (2.3).21,23  

𝐸CT = 𝑒𝑉OC + 0.5 eV.  eq. (2.3) 

While Veldman et al. have found a difference between the CT state energy and the VOC of 0.47 eV, 

Vandewal et al. find a value of 0.43 eV.21,23 This difference is mainly explained by a different definition of 

the CT state energy. Vandewal et al. define the CT state energy as the onset of CT absorption measured 

by means of Fourier-transform photocurrent spectroscopy (FTPS), whereas Veldman et al. make use of 

the optical bandgap and radiative decays from the CT state to the ground state. In this thesis, the latest 

method provided by Vandewal et al. is used, using a Gaussian fit derived from the Marcus equation, 
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further explained in chapter 3. In the original work on which eq. (2.3) was based, either the onset of the 

CT absorption band or the electroluminescence peak energy was used, whereas in his later work (and in 

this thesis), it is defined as the CT band energy maximum minus the reorganization energy. 

 
Figure 7. The three possibilities for the location of the CT state energy with respect to the lowest excited states of the donor-

acceptor blend. In situation I, photoinduced electron transfer (PET) is not possible, as the CT state is higher than both the 
singlet and triplet excited states. PET is possible in type IIa and IIb, with charge recombination to the lowest T1 state (CRT) in 

IIa. The difference in CT state energy and the optical bandgap is given in the figure by Δ, which represents the a Coulomb 
term which accounts for the higher energy of an intermolecular CT state exciton with respect to an intramolecular exciton, as 

the electron-hole separation is larger. Obtained from Veldman et al. 21  

2.3: Characterization of solar cells 
For the general characterization of solar cells, current density-voltage measurements (J-V measurements) 

and spectral response measurements are used. Sunlight is a kind of electromagnetic radiation of which 

the magnitude of its energetic output depends on the weather conditions and the angle with respect to 

the earth’s surface.65,66. The AM 1.5G reference spectrum is used, which gives the energy flux per photon 

on a path length which is 1.5 times longer than the path that light travels through the earth’s atmosphere 

at a perpendicular incidence to the earth.67 The difference is shown in Figure 8. The 1000 W/m2 light 

intensity is achieved in a laboratory by applying UV and daylight filters.37 
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Figure 8: AM0 and AM1.5G spectrum. 

2.3.1: J-V measurements 

In general, the performance of a solar cell is determined by varying the voltage applied to the cell and 

measuring the resulting current. This is done with and without illumination. In dark, the cell should behave 

as a diode, while it should produce a photocurrent when it is illuminated. This illumination results in a 

shift of the J-V curve, as shown in Figure 9, from the blue to the red line.37 From this graph, several 

parameters can be obtained. The short circuit current density JSC is the current density at which no net 

voltage is applied (V = 0). The higher the overlap with the solar spectrum, the higher JSC will be, as more 

light can be absorbed and hence more excitons are formed. The open circuit voltage is the point at which 

there is no net current (J = 0). The point where the maximum power can be extracted from the cell is 

called the maximum power point (MPP). The ratio between the power at the MPP and the product of VOC 

and JSC is called the fill factor, and gives an indication on the ideality charge transport within the cell and 

how easy charges can be collected. In other words, it is the ratio between the maximal extractable power 

from the device and the theoretically achievable maximum in power. A fill factor of 1 should provide a 

current density and open circuit voltage equal to JMPP and VMPP .The higher the overlap with the solar 

spectrum, the higher VMPP. This is illustrated with the dashed and solid blue lines in Figure 9 on the right. 

Generally, the fill factor is lower than 1. It is influenced by factors such as the morphology, carrier mobility 

and recombination of the cell and can be calculated using eq. (2.4). 

FF =
PMPP

𝐽SC∙𝑉OC
 eq. (2.4) 
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Figure 9: Left: Current density-voltage characteristics in dark and light conditions. Right: J-V curve showing the MPP, JSC and 

VOC. 

These parameters together can be used to calculate the maximum efficiency of the cell, ηmax. It can be 

calculated using eq. (2.5). 

𝜂max =
𝑃maximum

𝑃incident
=

FF∙𝐽SC∙𝑉OC

𝑃incident
 eq. (2.5) 

2.3.2: External quantum efficiency measurements 

External quantum efficiency (EQE) measurements are performed by varying the wavelength of the light 

illuminating the sample, making use of a monochromator in between the low-intensity probe light and 

the sample. The spectral response S(λ) is related to the external quantum efficiency via eq. (2.6). As both 

the donor and acceptor have a different response, they both contribute to the EQE of the cell.25,66 

𝑆(𝜆) = EQE(𝜆) ∙
𝑒𝜆

ℎ𝑐
  eq. (2.6) 
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Figure 10: A typical EQE spectrum with and without bias illumination. 
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The spectral response equals the EQE at a certain wavelength multiplied by the elementary charge (e) and 

the wavelength (λ), divided by Planck’s constant (h) and the speed of light (c). The EQE provides the 

percentage of electrons generated per inbound photon on the device, thus it shows how efficient the 

photons are absorbed, the excitons are separated, and the charges are collected for organic solar cells. 

Furthermore, bias illumination is applied to bring the device closer to simulate one sun conditions as 

recombination is enhanced. Integration of this EQE spectrum and convolution with the AM 1.5G spectrum 

then gives a more accurate JSC using eq. (2.7).25,30,66 A typical EQE spectrum with and without bias 

illumination can be found in Figure 10.68  

𝐽SC = ∫ 𝑆(𝜆) ∙ 𝐸AM1.5(𝜆)𝑑𝜆 eq. (2.7) 
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Chapter 3: Sub-bandgap EQE measurement optimizations 
As the main method of investigating the CT state energy is via sub-bandgap EQE measurements, it is of 

great importance to increase the signal to noise ratio to energies as low as possible, to gain a band shape 

which is as clear as possible, up until energies as low as possible. This can be done by altering different 

parameters for each measurement, such as the time constant, stabilization time, number of 

measurements, autosensing, scan direction and amplification. 

3.1: Sub-bandgap EQE setup and CT state determination 
Sub-bandgap (SBG) CT states are able to directly absorb light by directly exciting the CT state at the 

interface of the donor and acceptor.22 However, the absorption coefficient is known to be small compared 

to the singlet excitation in the donor and acceptor. This indicates that while using standard EQE 

measurements, the direct CT absorption can hardly be seen, or not be seen at all. Thus, for sub-bandgap 

measurements, an alternative EQE setup is needed. 

A schematic image of the EQE setup for sub-bandgap measurements is shown in Figure 11. First of all, a 

lamp with a higher light intensity as compared to the standard EQE setup is used. Similar to the standard 

EQE setup, the light then also passes through a mechanical chopper and monochromator before reaching 

the sample. However, for the SBG measurement, the light passes through a lens before reaching the 

sample, while this is not the case for the other EQE setup. After the light is converted into an electric signal 

by the cell, the signal reaches the pre-amplifier (PA). This PA amplifies the signal from the cell, before 

sending it to a lock-in amplifier (LIA). This LIA only measures the signal which matches the frequency of 

light set by the mechanical chopper to eliminate the effect of stray light on the measurement. This 

frequency of this chopper can be altered, as long as it is not a multiple of the net frequency of 50 Hz. 

Measuring on a multiple of this frequency will lead to extra noise on the signal as it will be influenced by 

the net frequency. The output signal is composed in polar coordinates, so R and θ. The higher this R is, 

the higher the signal of the cell, so the more photons that are absorbed. 
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Figure 11: Schematic representation of the sub-bandgap EQE setup. The purple line shows the light, the red line the chopper 
signal, and the blue line the response signal of the test cell. 

The signal from the lock-in amplifier is then compared to the signal of a calibrated silicon and InGaAs 

reference cell, making it possible to calculate the EQE of the sample with respect to the silicon and InGaAs 

reference cell. This EQE signal is still arbitrary, as, for example, the light intensity of this setup is different 

in intensity compared to the EQE setup and the area of the reference cells is different compared to the 

measurement cell. To correct for this, this EQE is scaled using the measurement on the exact same cell in 

the standard EQE setup.  

In contrast to the standard EQE setup, sub-bandgap measurements are not reported on a linear EQE scale, 

but rather on a logarithmic scale, as the signal can be monitored over multiple orders of magnitude. On 

this logarithmic scale, the signal from the CT-state can be fitted using a Gaussian, first done by Vandewal 

et al., using an equation derived from the Marcus electron transfer theory, showed as eq. (3.1).24,69  

EQECT(𝐸) =
𝑓

𝐸√4𝜋𝜆𝑘𝑇
exp [−

(𝐸CT+𝜆−𝐸)2

4𝜆𝑘𝑇
]  eq. (3.1) 

This Gaussian equation includes parameters such as the reorganization energy λ, CT state energy ECT, and 

the f parameter which is proportional to the coupling matrix element squared. These parameters can be 

manually altered to provide an optimal fit with the CT-state energy curve as a function of the photon 

energy E within eq. (3.1). Other parameters in this equation include the Boltzmann constant k and 

absolute temperature T. 

Further experiments performed by Kouijzer et al. showed that for several blend films, fitting eq. (3.1) to 

the CT-EQE appeared to be hard, as the CT-state energy was (partially) hidden underneath the absorption 

peak of the acceptor, as for example is shown in Figure 12, where an extra feature is hardly seen for the 

ICBA blend as compared to the PCBM blend.22 To correct for this, a subtraction method was used, where 

the normalized EQE of an ICBA blend was subtracted from the EQE of a normalized PCBM blend with the 

same donor material. The result of this subtraction is a new band, shown in red; a band which should give 
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the CT-state absorption spectrum for the PCBM blend which is much easier to fit using eq. (3.1), as shown 

with the solid black dots. The ECT value that this method provides is 0.2 eV higher than suggested in 

eq. (2.3). This is due to a different definition of ECT in eq. (3.1) as compared to earlier publications of 

Veldman et al. and Vandewal et al., with an estimated difference of ~0.2 eV corresponding to the 

reorganization energy.60 The value of the reorganization energy found by Kouijzer et al. is in line with the 

range of 0.2 eV to 0.3 eV which is known for polymer-fullerene blends.60 

 

Figure 12: CT subtraction method as performed by Kouijzer et al., showing a ΔEQE curve which is easier to fit using eq. (3.1) 
proposed by Vandewal et al. Obtained from Kouijzer et al.22 

3.2: Measurement optimizations 
To obtain a consistent set of measurements, a standard protocol for measuring has to be set up in such a 

way that the settings are optimal for most measurements. As many parameters can be altered with each 

their own effects on the quality of the signal, they are individually investigated on their effect on the 

overall signal. 

3.2.1: The effect of the time constant and stabilization time 

The time constant is the time period over which the system averages the signal readings at each 

wavelength, while the stabilization time is the time the system waits after changing the wavelength before 

taking a measurement. A general rule is that the stabilization time should be a factor ten higher than the 

time constant, which is why they are discussed together. Depending on how much signal there is at a 

certain wavelength, it is harder for the LIA to lock-in onto the signal it receives. As the reference Si and 

InGaAs cells provide high signals due to their high absorption, only a very short time constant and 

stabilization time are needed. When the signal is lower due to lower absorption of photons, the signal is 

harder to lock on to, leading to a larger deviation in the exact output value. This larger deviation can be 

cancelled by averaging over the signal on a larger time scale, so increasing the time constant.  
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Figure 13: The EQEs of a 2:3 weight ratio PTB7-Th:ICBA cell measured with different time constants and delay times. 

As can be seen in Figure 13, signal at an energy as low as 0.85 eV is measureable without a difference in 

noise level between the two time constants on the exact same sample. For lower energies, it can be seen 

that the larger time constant shows a noise-free signal up until 0.8 eV. Furthermore, the larger 

stabilization time which accompanies the larger time constant also shows that the signal was still 

decreasing when the measurement for the smaller time constant was taken, leading to a slightly 

inaccurate value. However, it is important to keep in mind that while scanning with the smaller time 

constant, a single measurement takes 11 seconds, while for the larger time constant it takes three times 

longer. This results in a clearer signal up until 0.8 eV (1550 nm) as compared to 0.85 eV (1460 nm) for this 

specific sample. This small increase in signal is quite significant, but for standard measurements only a 

general idea of the band shape is needed. At these low energies, the band shape of the CT state often is 

clear enough at much higher energies already, making the precise measurements not worth the extra 

time compared to the extra level of signal which is received. This makes that for standard measurements, 

a time constant of only one second combined with a delay time of ten seconds is sufficient. Only for 

measurements where the low-energy region is of extra importance, it may be necessary to invest the 

extra time. 

3.2.2: The impact of the number of measurements on noise levels 

Apart from measuring for a longer time in a single measurement, it is also possible to measure several 

times on a single wavelength with a shorter time constant while averaging over those multiple 

measurements to provide a single value for each wavelength. This makes that the stabilization time has a 

smaller effect, as the sample has more time to stabilize to the different wavelengths in between the 

measurements. As the R value per wavelength is now averaged over several measurements, which are 

spaced over a larger period of time instead of a single point in time, this value should be more accurate, 

especially when the signal is harder to lock on to. 

As can be seen in Figure 14, three different numbers of measurement were taken. This experiment was 

performed on a 2:3 ratio PTB7-Th:ICBA sample, straight after each other. As compared to a longer time 
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constant in the previous paragraph, we see again that averaging over a larger number of measurements, 

the signal smooths out. While the single and triple measurements per wavelength show some noise on 

the signal for energies lower than 0.85 eV, quintuple measurements on a single wavelength show a 

smoother curve, while not reaching the same low signals found for the single measurement. Single and 

triple measurements per wavelength show very similar results, making it unnecessary to take multiple 

measurements in this case. The difference between a single and quintuple measurement is quite 

significant, with a smoother curve for the quintuple measurement on the one hand, and a signal which is 

five times as low for the single measurement on the other. Again, the band shape is clear enough to be 

able to fit it already at the wavelength where the noise starts, making it unnecessary to scan for such 

along amount of time, especially since there is still a small amount of noise on the signal for the quintuple 

measurement as well. This makes that for a general measurement to identify the general band shape, the 

single measurement is sufficient. 
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Figure 14: The effect of multiple measurements on the noise levels of a 2:3 weight ratio PTB7-Th:ICBA cell. 

3.2.3: The influence of the scan direction on charging of the sample 

The scan direction could potentially influence the signal by charging the sample when scanning up in 

wavelength, as the signal decreases in the low-energy region which we are interested in. This could give 

an artificially increased signal when the signal decreases in strength. To check whether this effect was 

significant, the exact same measurement was performed right after each other, with the difference being 

that one measurement was scanning up in wavelength, while the other was measured while scanning 

down in wavelength. In Figure 15 we can see that the scan direction has a negligible effect, as the noise 

levels in the low energy region are nearly identical for this 2:3 weight ratio PTB7-Th:[60]PCBM sample, 

while the noise starts to play a role at almost the same wavelengths as well. This may well be due to a 

more than sufficient TC and delay time which are deemed optimized for these measurements, providing 

the cell enough time to stabilize the signal before taking the measurement. As the scan direction did not 

seem to play a role in most of the samples, a standard of increasing the wavelength is chosen, as scanning 

in the upward direction gave a clear indication on when to increase the PA sensitivity for the low-energy 

measurement, which is discussed further in paragraph 3.2.5. 
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Figure 15: The effect of the scan direction on the signal. 

3.2.4: The effect of autosensing on the noise levels 

The measurement script which is used has an autosense (AS) function built in. This function sets the 

detection range of the LIA such that the signal can be read in the optimal detection range. Without 

autosensing, the LIA would overload when the signal becomes higher than the maximum value of that 

specific range, while the signal would be more prone to noise when the signal becomes significantly lower 

than the optimal range. However, autosense also introduces a small artefact to the signal, as the system 

constantly switches its range as the wavelength, and thus the signal from the cell, changes. On 

wavelengths with low signal, this makes that the LIA needs a longer time to stabilize due to the extra 

switch. This could easily be solved with a larger TC and delay time, resulting in a significantly higher 

measurement time. Autosensing is especially useful in the visible range of the spectrum, as the signal 

remains within the high-signal region where the signal is easier to lock in to compared to the lower signal 

intensities. While the system is able to measure a signal which is lower than the optimal range of the LIA 

sensitivity, it overloads when the signal is higher than this range. When the signal becomes several orders 

of magnitude smaller than the optimal range of the sensitivity, electronic noise levels within the system 

start to play a role. This is especially apparent when measuring on the very high sensitivity settings of the 

LIA, where electronic currents come into effect, incorrectly increasing the signal due to dark currents. 
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Figure 16: The effect of autosense on the measured signal. 

In Figure 16, this effect is of the autosense function is shown for a 2:3 weight ratio PTB7-Th:[60]PCBM cell. 

One of the main effects that stands out is that the slope decrease occurs at a slightly lower energy for the 

measurement when the autosense is on compared to off. This leads to a signal which is approximately 

three times higher for the AS off than on. The main difference again occurs at energies lower than 0.85 

eV. While both signals show high noise, the signal of the AS on measurement is almost a magnitude higher 

as compared to the AS off measurement. Measuring some of these points with a very large TC have shown 

that the AS off measurement is more accurate on these very low energies than the AS on, making the 

dataset for the AS on measurement less accurate to use at these low energies. As the AS does help in the 

high energy measurement, it is of great value to use it for these measurements to counter overloading in 

the lower sensitivity measurements. 

3.2.5: Noise levels as a function of signal pre-amplification 

The pre-amplifier amplifies the signal from the sample with a factor determined by the user, providing a 

signal which is in a range which is easier to be picked up by the LIA. As different types of cells have a very 

different absorption of photons, it is very important to scale the sensitivity as well. Cells such as the 

reference cells have a very high absorption, making it useless to amplify the signal, whereas a sample with 

only the donor material in the active layer makes for a less efficient cell where the signal needs to be 

amplified by several orders of magnitude to be able to get a good reading by the LIA. When the signal 

becomes too low, however, noise is also amplified, making it useless to amplify the signal further. The 

goal of increasing the amplification is to be able to lock in to the signal easier on the low energy part of 

the absorption. The final measured values have to be scaled to their correct values by dividing the signal 

by its amplification with respect to the high energy region. For instance, when the measurement at high 

energy is taken at 200 μA/V and the measurement at low energy at 2 μA/V, the signal at lower energy has 

to be divided by a factor 100 as the amplification is 100 times as high. For a measurement at 500 nA/V, 

this signal would have to be divided by 400, etc. 



 
22 

 

As the lowest general signal is obtained by cells with only the donor or acceptor compound as the active 

layer, it is an ideal cell to check on the effect of the PA setting. It is expected that increasing the 

amplification leads to a larger region of precise measurements, as the lower signal is amplified to a region 

where it can be more easily read by the LIA. This only holds up until a certain level, as the noise is amplified 

as well, not leading to a further increase of readability. As seen in Figure 17, three different amplification 

magnitudes are taken with an amplification difference of two orders of magnitude. For the lowest 

amplification of 2 μA/V, there is no difference in band shape as compared to the highest amplification of 

20 nA/V. As the noise levels for the high amplification measurement are very similar to the lower 

amplification measurement, the band shape itself cannot be measured over more orders of magnitude, 

as the lowest signal which can possibly be measured is not set by the device anymore, but rather by the 

electronic noise levels within the system.  
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Figure 17: Scaled signal comparison for different amplification settings. 

3.3: Conclusion 
Of the five different parameters which were checked on their impact on the measurement performance 

and time, it can be concluded that the time constant, delay time, number of measurements, and 

autosense function have the largest impact on the noise levels in the lowest energy region. While all tested 

parameters provide sufficient signal to be able to measure down until energies as low as 0.85 eV, 

increasing the number of measurements with a larger time constant and delay time make it possible to 

reach energies lower than 0.8 eV without significant problems for the LIA to lock in to the signal. As this 

0.85 eV is low enough for the general measurements, it is often not chosen to measure with the more 

time consuming settings. Unfortunately, increasing the amplification of the PA does not provide a better 

signal at lower energies, showing a clear minimum which can be reached with this specific setup in signal 

intensity until the LIA is no longer able to precisely lock in to the signal. 
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Chapter 4: CT-state fit optimizations using different donor-acceptor 

blends 
As experiments by Vandewal et al., Kouijzer et al. and Veldman et al. have shown, the spectra of different 

donor:acceptor blends have completely different characteristics, leading to a broad range of CT state 

energies, reorganization parameters and other main device performance parameters.21–24 Previous 

experiments have provided optimal weight ratios for the polymers used within this thesis. This chapter 

has the purpose to understand and fit these device characteristics, as well as finding the optimal method 

of fitting the SBG-EQE spectra of these blends. To reach this goal, the solar cell characteristics such as the 

JSC, VOC and FF are determined first, after which the sub-bandgap EQE spectra are investigated. Several 

different methods of showing the sub-bandgap EQE are then compared on their differences and 

similarities. The method proposed by Kouijzer et al. of using the subtraction method to uncover the CT 

state of the PCBM blends will be put to the test using these various blends to give new insights on the 

validity of this method within different blends. 

4.1: Comparing solar cell performance using J-V and EQE measurements 
Donors and acceptors of different strengths and absorptions are used, as mentioned in chapter 2. 

Combinations of these donors and acceptors will lead to different solar cell characteristics, with the 

expectation that a stronger the donor:acceptor couple will have a higher efficiency. To determine the 

relative performance, J-V and EQE measurements are performed, with the aim of confirming the expected 

donor and acceptor strength.  

In Figure 18, the J-V-data of all the blends are compared, with the numerical data provided in Table 1. The 

results from the expected strongest donor, PTB7-Th, are shown in Figure 18a. It appears that while the 

ICBA blend has a higher VOC, the JSC is significantly lower than for the PCBM acceptors. Furthermore, the 

FF is higher for the PCBM acceptors as compared to ICBA. It is apparent that the main drop in MPP 

originates from the decrease in FF and JSC for this donor. As [70]PCBM has a higher absorption coefficient 

than [60]PCBM, it is expected that it will provide a higher efficiency, which is confirmed with a higher JSC 

for [70]PCBM. This is accompanied by a higher FF, due to the VOC being (close to) identical for both PCBMs. 

These results show that all of the PTB7-Th blends work exactly as predicted.  

Table 1: The EQE-corrected device parameters of the optimal ratio blends. 

Donor Acceptor Ratio VOC (V) JSC, EQE (mA/cm2) FF (-) PCE (%) 

PTB7-Th [70]PCBM 2:3 0.78 15.40 0.67 8.07 

PTB7-Th [60]PCBM 2:3 0.77 13.42 0.62 6.37 

PTB7-Th ICBA 2:3 0.96 10.87 0.39 4.02 

PDPP5T [70]PCBM 1:2 0.57 15.85 0.64 5.81 

PDPP5T [60]PCBM 1:2 0.58 13.82 0.65 5.19 

PDPP5T ICBA 1:2 0.77 8.00 0.41 2.51 

P3HT [70]PCBM 1:1 0.58 7.07 0.67 2.74 

P3HT [60]PCBM 1:1 0.56 6.40 0.67 2.40 

P3HT ICBA 1:1 0.72 4.65 0.51 1.72 
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As for the EQE, we mainly see a large increase at the wavelengths between 400 and 500 nm in Figure 19a. 

The large feature between 550 and 700 nm is ascribed to the donor absorption, while the lower part of 

the spectrum in the visual region is ascribed to the acceptor. As the blend with [70]PCBM has the highest 

absorption in this region, it also provides the highest current. Currents obtained from integration are 

shown in Table 1 for each sample. Furthermore, Figure 19a shows that the rest of the band shapes look 

quite similar for the different acceptors, with a small overlap of the signal decay for both PCBMs. The ICBA 

blend decays only a few nanometres earlier in absorption. The blend with [70]PCBM shows the highest 

EQE with a peak over 70%.  

In Figure 18b, the clear increase in JSC for PDPP5T is seen when switching from [60]PCBM to [70]PCBM 

with nearly identical VOCs. For P3HT, shown in Figure 19c, the difference in VOC between the PCBM blends 

is marginally higher, with a difference of 0.02 V as compared to ≤ 0.01 V for the other donors. As the JSCs 

for the three acceptors are much closer to each other, the fill factor is closer as well. Still, the general 

trend is confirmed, with [70]PCBM being the strongest acceptor and ICBA the weakest. Generally, the VOC 

of the ICBA blends is 0.2 V higher than for the PCBM blends. It is interesting to see that the VOCs of P3HT 

and PDPP5T are nearly identical, as their HOMO and LUMO levels are different, and the bandgap of P3HT 

is much larger than for PDPP5T, indicating there are more losses for PDPP5T.70–72 

For PDPP5T in Figure 19b, the EQE band shapes look quite different. Whereas for PTB7-Th the entire 

spectrum only seemed to increase as the acceptor strength increased, for PDPP5T a quite different shape 

is found for [70]PCBM as compared to [60]PCBM, which are expected to be quite similar. Here, the EQE 

between 350 nm and 650 nm is a lot higher than for [60]PCBM, indicating better photon absorption by 

the acceptor, as well as more efficient charge transport. This is in conflict with the observation that the 

EQE between 650 and 800 nm is lower for the [70]PCBM than the [60]PCBM. Different samples of this 

same composition have shown the same result, ruling out anomalies. Comparing ICBA to [60]PCBM, the 

spectral responses are quite similar, albeit raised for the [60]PCBM. Especially at the donor side of the 

spectrum, the [60]PCBM seems to be much more efficient than the ICBA.  

P3HT clearly is the weakest donor, as seen in Figure 19c. With a peak EQE around 50%, it is about 20 pp 

lower than PTB7-Th at 70%, and almost 10 pp lower than PDPP5T at approximately 60%. Furthermore, 

while the EQE consists of a broad single EQE peak for P3HT, the general EQE of the other donors shows 

absorption over a larger range of wavelengths up until 800 nm. This results in lower currents, making P3HT 

the only donor with all the JSCs lower than 7.5 mA/cm2. The EQE spectra of P3HT show similar behaviour 

as found for PDPP5T. [60]PCBM has a very similar spectrum to ICBA, but raised in total EQE. [70]PCBM 

shows a higher spectral response from 380 nm to 500 nm, a small dip below [60]PCBM up until 550 nm, 

after which it outperforms [60]PCBM again. 
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Figure 18: J-V characteristics of the optimal ratio donor:acceptor blends for a) PTB7-Th, b) PDPP5T, c)P3HT. d) The various 
donors with [60]PCBM as the acceptor. 

In Figure 19d, the different donors are compared with the same acceptor, [60]PCBM. There is a large 

difference in spectral response. The most important aspect is that the P3HT only has a spectral response 

larger than 1% up until 750 nm, while PTB7-Th reaches 850 nm, with PDPP5T reaching 920 nm. As PDPP5T 

and PTB7-Th have spectral responses over a broader range of wavelengths, they can produce higher 

currents than P3HT. PTB7-Th has the largest spectral response between 620 and 700 nm, reaching almost 

70% over this range, while the PDPP5T shows a peak of 60% around 700 nm, before having the signal 

decay rapidly around 800 nm. The response of P3HT is more parabolic, with a single peak around 500 nm 

slightly over an EQE of 50%, before decaying again. The higher EQE in the 500 to 720 nm region for PTB7-

Th compared to PDPP5T approximately cancels out to the higher response range of PDPP5T, creating 

similar currents overall. This is in line with absorption measurements on the pure polymer films, of which 

a spectrum can be found in appendix A4. 

Comparing the [60]PCBM blends of the different donors in Figure 18d, the JSCs of PDPP5T and PTB7-Th are 

very close, while the VOC of PDPP5T is very close to P3HT. As P3HT has the highest optical bandgap, one 

would expect it to have the highest VOC of all the donors. While being very close to PDPP5T, it is PTB7-Th 

with the highest VOC. Furthermore, it becomes clear from Table 1 that PDPP5T and PTB7-Th are more 



 
26 

 

efficient in extracting the charges than P3HT, as their JSCs are much higher, with PDPP5T edging out 

PTB7-Th ever so slightly for the PCBMs. 
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Figure 19: EQE responses of the optimal ratio donor:acceptor blends with a) PTB7-Th, b) PDPP5T, c) P3HT. d) EQE of the 
various donors with [60]PCBM as the acceptor.  

As mentioned before in chapter 2, the relative HOMO and LUMO levels of the donor and acceptor are of 

great importance for the device performance. The HOMO-LUMO offset for the donor and acceptor needs 

to be sufficient for charge separation. The higher VOC which is seen for the ICBA as compared to the PCBMs, 

combined with the lower fill factor and JSC, is found for all three donors. The percentage increase or 

decrease in the parameters when switching the acceptors is different for the various donors, meaning 

that for P3HT for instance, the PCBMs relative performance increase over ICBA is smaller than found for 

the other two donors.  
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4.2: Sub-bandgap EQE measurements 
The main interest of this thesis is to find out about the CT states of the different materials. As explained 

in the theory, this CT state shows itself as an extra Gaussian feature instead of a straight declining line. A 

clear example of this can be found in Figure 20a, where the measurements are shown for PTB7-Th. The 

blue line shows the spectrum of ICBA, which is very close to a straight declining line between energies of 

1.6 eV and 1.3 eV. A small feature is found at 1.2 eV, before showing another straight decline. Comparing 

this to both PCBMs, a clear bulge is seen in contrast to the ICBA blend. This same effect is seen for the 

PDPP5T blend, with the ICBA spectrum showing only a very small deviation from the straight line around 

1.2 eV. This small feature which is linked to ICBA will be investigated in chapter 6. 

For P3HT in Figure 20c, a much larger deviation from the straight line can be seen for the PCBM blends 

with respect to the ICBA spectrum. Furthermore, as the signal in the visible range of the spectrum is much 

lower, an extra feature emerges between 1.7 eV and 1.8 eV, which is known as a fullerene absorption 

peak. Furthermore, there are only very slight differences between the spectra for the two different PCBM 

blends of each donor, with the most noticeable being the slightly better optical response for [70]PCBM 

with respect to [60]PCBM for the P3HT blend in the low energy region plus the visible range where the 

[70]PCBM largely outperforms [60]PCBM by almost an order of magnitude. Finally, for PTB7-Th, [60]PCBM 

shows the decreasing slope at just a slightly higher energy, whereas for the other donors, [70]PCBM has 

the upper hand. 

Comparing the different donors with the same acceptor in Figure 20d, the main difference in absorption 

range becomes clear again, just as with the general EQE spectra. P3HT shows a decrease in spectral 

response at an energy of 2 eV, whereas the PTB7-Th and PDPP5T only start to drop at 1.5 eV and 1.7 eV, 

respectively. The most noticeable feature in this graph is the extra feature which appears for PTB7-Th. 

Multiple experiments have ruled out that this feature is due to a measurement error, since the feature is 

present in both scan directions, with multiple measurements, large time constants and multiple days 

between the measurements of the same sample. As CT states in organic solar cells are known to have a λ 

value between 0.2 eV and 0.3 eV, this feature is too broad to be a CT state with a fitted λ value of 0.6 eV. 

An alternative explanation thus has to be found and this feature is investigated further in chapter 6. 
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Figure 20: DP-normalized sub-bandgap measurements of the optimal ratio donor:acceptor blends of a) PTB7-Th, b) PDPP5T, 
and c) P3HT. d) DP-normalized sub-bandgap EQE of the various donors with [60]PCBM as the acceptor. 

4.3: Fitting of the CT state using the ΔEQE 
From the spectra in paragraph 4.2, fitting the Gaussian eq. (3.1) to the features as shown in the work by 

Vandewal et al.23,24 is very difficult, as it is not clear where exactly the CT-feature starts. As mentioned in 

chapter 3, Kouijzer et al. proposed a method for extracting the normalized EQE of the ICBA blend from 

the [60]PCBM blend to create a ΔEQE plot, which should be easier to fit.22 In Figure 21, five different EQEs 

are displayed for the optimal ratios of donor:[60]PCBM blends. For the real EQE, the sub-bandgap EQE 

spectrum is corrected to match with the EQE in the visible light region, as measured in paragraph 4.1. For 

the peak normalized EQE, the spectrum is normalized by dividing the whole spectrum by the peak EQE 

value of that reference-corrected spectrum. For the drop-point (DP) normalized spectrum, the reference-

corrected spectrum is normalized using the reference-corrected EQE value at the wavelength just before 

the sub-bandgap drop. The peak ΔEQE and DP-ΔEQE are calculated by subtracting the corresponding ICBA 

datasets from the peak-normalized and DP-normalized [60]PCBM datasets, respectively. The region 

where the subtracted values are negative, a logarithmic plot is not possible, thus it will show no line at all. 

Together with Table 2, Figure 21 gives an overview of the difference between the various methods for the 

main donor blends. Figure 21a shows the diagrams for the PTB7-Th:[60]PCBM 2:3 weight ratio blend. The 

(peak) normalized and DP normalized spectra are so similar it is nearly impossible to see a difference. This 

implies that the highest peak is exactly the same position in the spectrum for both normalization methods. 



 
29 

 

When compared to the real EQE, we only see an upward shift for the normalized EQEs, as one would 

expect because the cell will never have 100% efficiency. This is also seen in Table 2, where the normalized 

EQEs have nearly same fitting values, while the fit for the real EQE shows a decrease in the fitting 

parameter f. This is in line with expectations, as the real EQE indeed is lower in intensity in comparison to 

the normalized EQEs. To obtain the ΔEQEs, the peak normalized and DP normalized EQE spectra of the 

2:3 weight ratio polymer:ICBA blend are subtracted from the peak normalized and DP normalized EQE 

spectra of the polymer:[60]PCBM blend, respectively. Where the normalized EQEs showed nearly identical 

results, the ΔEQEs have a slight difference in the higher energy region. This is mainly due to the ICBA blend 

having a slightly different DP wavelength. This results in a slightly transposed peak, with the peak ΔEQE 

having a peak at a slightly higher energy than the DP-ΔEQE. While fitting, this has led to a fitted CT state 

energy which is slightly higher for the peak ΔEQE, combined with a higher f value.  

Table 2: Parameters extracted from fit of the different sub-bandgap EQE plots with color indication for ability to fit. 

[60]PCBM blend Real EQE Peak normalized EQE DP normalized EQE Peak ΔEQE DP-ΔEQE 

Donor Ratio λ 
(eV) 

ECT
 

(eV) 
f λ 

(eV) 
ECT

 

(eV) 
f λ 

(eV) 
ECT

 

(eV) 
f λ 

(eV) 
ECT

 

(eV) 
f λ 

(eV) 
ECT

 

(eV) 
f 

PTB7-Th 2:3 0.34 1.51 0.2 0.34 1.51 0.3 0.34 1.51 0.3 0.22 1.47 0.03 0.22 1.46 0.02 

PDPP5T 1:2 0.38 1.36 0.11 0.33 1.34 0.01 0.35 1.35 0.1 0.24 1.29 0.0009 0.24 1.29 0.007 

P3HT 1:1 0.39 1.23 0.0008 0.34 1.22 0.0008 0.32 1.21 0.0008 0.33 1.23 0.0008 0.29 1.23 0.0008 
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Figure 21: Plots of the different sub-bandgap EQE versions for the optimized ratio blends of [60]PCBM with a) PTB7-Th, b) 
PDPP5T, c) P3HT. d) Fitted drop-point-normalized ΔEQE values for the different optimized donor:[60]PCBM blends. 
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For PDPP5T in Figure 21b, the DP-normalized EQE equals the real EQE, but slightly transposed to a higher 

energy, as seen before for PTB7-Th. However, we now see a clear difference between the two different 

normalized EQEs, with the peak-normalized EQE being much lower than the real EQE. This is due to 

another peak in the high energy region of the spectrum being higher than the DP peak, resulting in an 

alternative normalization wavelength in the peak-normalized spectrum compared to the DP-normalized 

graph. This results in a different position of normalization for the PDPP5T:ICBA and PDPP5T:[60]PCBM 

blend, leading to an inefficient ΔEQE subtraction. This becomes very clear in the different ΔEQEs where 

we can see that the DP-ΔEQE has an obviously different position as compared to the peak-ΔEQE. PDPP5T 

is the clearest example of the three of why normalization on the DP is much more efficient than the peak 

normalization when using the subtraction method, since the ICBA and [60]PCBM blend are much more 

aligned.  

For the P3HT blend in Figure 21c, the peak-normalized EQE and DP-normalized EQE are very similar. As 

for PDPP5T, the DP was at a different wavelength than the peak in the spectrum. Both show a shift again 

in comparison with the real EQE. The biggest difference can be seen in the ΔEQEs, with the peak ΔEQE 

showing a smoother curve than the DP-ΔEQE. This is again due to a better overlap with the EQE of the 

ICBA blend, leading to a more accurate subtraction, leaving all of the features present intact. It is 

remarkable that all of the curves for P3HT can be fitted using the same scaling factor f. However, in Figure 

20c, a CT absorption band can be seen for the ICBA blend as well. As the absence of the ICBA peak is one 

of the prerequisites for using the subtraction method, this method may not be viable for P3HT, as it leads 

to less accurate ΔEQE values. Still, a general trend can still be extracted. From Figure 21 and Table 2, a 

large variety of CT state energies, reorganization parameters and scaling factors can be found. Which of 

the method provides the most accurate results, or how they can be combined to extract the real 

parameter values, has to be determined more thoroughly.  

An example of a fit can be found in Figure 21d, where the DP-ΔEQEs for the three different 

polymer:[60]PCBM blends are plotted. Again, this fit is done with eq. (3.1), where the fitting parameters 

are ECT, λ, and f. As λ increases, the width of the Gaussian fit increases. The scaling parameter f influences 

the height of the Gaussian fit, while ECT determines the location of the Gaussian fit. There is a trend for all 

three blends for these fitting parameters. As the donor strength increases, the CT state energy and the 

scaling factor f increase, while the reorganization energy decreases. The increase in CT state energy is 

partly mirrored by the open-circuit voltage VOC, as seen in Table 1 and Table 2. PTB7-Th has the highest 

VOC and the highest ECT, while P3HT has the lowest of both. While the VOC is almost equal for PDPP5T as 

compared to P3HT, the ECT is slightly higher for PDPP5T.  
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Two problems arise when fitting these curves. First of all, the fitting is done manually, making the quality 

of the fit a matter of perception. However, it is complicated to do this fit using a computer, as each point 

will have to be weighed differently due to the log scale. A standard fit based on the lowest sum of residuals 

would be focussed on the highest EQE due to the relative larger deviation at the higher EQE, leading to an 

inaccurate fit for the region which is several orders of magnitude lower. Furthermore, all of the 

parameters change as the scaling factor f is altered. As it is ambiguous on which part of the curve the fit 

should be perfect, several positions may be considered correct. This results in different fitted values by 

independent researchers, making the process quite inaccurate without a set standard. This is mainly the 

case for the real EQE, but less so for the ΔEQE obtained with the subtraction method. As the subtraction 

method is mainly used to extract the band shape of the CT state, it is logical to extract the shape 

parameters, λ and ECT using the DP-ΔEQE. These values can then be used in the Gaussian fit of the real 

EQE, making it possible to obtain a ‘correct’ result for the scaling factor f as well. Another method to fit 

the real EQE is to disregard the values obtained with the ΔEQE all together, and just try to find an optimal 

fit for the curve. An example can be found in Figure 22. 

 

A clear difference between the two different lines is observed, with the green curve using the ECT and λ as 

obtained with the DP-ΔEQE, and the magenta curve the individually optimized fit. In the insets next to the 

curve, we can see a large difference in fitted values, while the overlap is nearly the same, as can be seen 

in the zoom on the right. In this zoom, we see that the magenta line takes a slightly larger section of the 

curve into account, while it very slightly overshoots at some points. In the left graph again, we see the 

fitted parameter values in the boxes. While the ECTs are nearly the same, we see an enormous increase 

for the λ and f parameter for the magenta curve. This is one of the main examples of why the fitting 

method is up for debate, as there is a human error in the exact fitting position. There is no right or wrong 

in which of the curves is a better fit, as it is unclear which part of the curve exactly represents the CT state. 

The magenta curve fits a larger part of the curve, while the green part may seem like a slightly more 

accurate fit. A mathematical model which would take into account the residuals of the fit towards the 

curve may seem like an option, but as the curves fit different amounts of the curve, this result may not be 

directly compared, as the contribution in intensity in the lower energy part of the spectrum has to be 

weighed differently. For consistency, the method of fitting the real EQE with the values obtained from the 

ΔEQE arguably is the best option. 
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Figure 22: Left: Different fitting methods of the real EQE. Right: Zoom of figure on the left. 
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4.5: Conclusion 
There is a clear difference between the different donors and acceptors. The CT band for the ICBA blends 

remains hidden in such an amount that it is nearly impossible to fit correctly using a Gaussian curve. For 

the PCBM blends, there is a clear extra feature present which represents the CT state. This feature is extra 

clear within PTB7-Th and P3HT. Different fitting methods have been tried to uncover the CT state energy, 

The real EQE is the most representative of the CT state, but the CT band shape itself is hard to fit. 

Normalizing the curves of the PCBM blend and the corresponding polymer:ICBA blend on the signal drop-

point gives a good basis for using the subtraction method to get a clearer band shape for the CT state. 

This ΔEQE can then be fitted to provide the ECT and λ parameters, which in turn can be used in fitting the 

real EQE to provide the scale factor f.  
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Chapter 5: CT state characterization using D:A ratio alterations  
As the solar cell characteristics of each material are known, we can take a closer look at the effect of 

changing the D:A weight ratio. As experiments from Vandewal et al. have shown, increasing the donor 

concentration can lead to a decrease in ECT.23 In these experiments, this fact was proven for MDMO-

PPV:PCBM blends, while also showing the different CT band shapes for different donor blends. So far, no 

further literature has been found on the effect of the D:A ratio on the CT state energy. While Vandewal 

et al. used FTPS for these low energy measurements, sub-bandgap EQE measurements are performed in 

these experiments to study the changes in solar cell characteristics when using different ratios of the 

materials discussed in chapter 4. This has the aim to find whether this same relation also holds for other 

polymer:PCBM blends than shown by Vandewal et al., as well as finding correlations between the D:A 

ratios and the scaling factor f. For these experiments, [60]PCBM is chosen as the acceptor, as it is 

sufficiently strong as an acceptor with a visible CT state. Furthermore, the method of fitting the CT-curves 

of the different polymer:PCBM blends as proposed in the previous chapter is put to the test within this 

chapter, to see whether using the subtraction method proves to be an improvement over fitting the 

normalized EQE or real EQE on its own. 

5.1: Investigation of the main device characteristics 
Table 3 shows multiple trends for the solar cell characteristics. For PTB7-Th, the JSC and FF decrease as the 

D:A ratio increases, as measured with EQE, albeit that the 1:1 ratio shows a slightly higher value for the 

JSC. There is no linear trend for the VOC, as it drops from the 1:1 ratio to lowest value for the 5:1 ratio, 

before increasing again until the 20:1 ratio. Overall, this leads to a maximum PCE for the 1:1 ratio, while 

the optimal ratio should be 2:3 for this blend according to previously performed optimizations based on 

an older PTB7-Th batch. Gel permeation chromatography measurements showed that different PTB7-Th 

batches had a difference in Mn of almost a factor two, showing a molecular weight of 48 kg/mol for the 

newest batch compared to 27 kg/mol for the older batch. This of course has an impact on the morphology 

and solubility of the polymer, possibly explaining the difference in optimal ratio. Measurements at lower 

donor concentrations than 40% were not performed for PTB7-Th using [60]PCBM, as earlier experiments 

using [70]PCBM with lower donor concentrations as low as 25% within the blend did not have a significant 

impact on device performance and/or the CT state. 

Table 3: Solar cell characteristics for the various donor:[60]PCBM ratio blends. 

  
PTB7-Th:[60]PCBM PDPP5T:[60]PCBM P3HT:[60]PCBM 

D:A 
ratio 

D conc. 
(%) 

VOC 
(V) 

FF 
 (-) 

JSC, EQE 
(mA/cm2) 

PCE 
(%) 

VOC 
(V) 

 FF 
(-) 

JSC, EQE 
(mA/cm2) 

PCE 
(%) 

VOC 
(V) 

 FF 
(-) 

JSC,EQE 
(mA/cm2) 

PCE 
(%) 

3:17 15.00 - - - - - - - - 0.62 0.44 2.90 0.78 

1:2 33.30 - - - - 0.58 0.65 13.82 5.19 0.60 0.52 3.70 1.15 

2:3 40.00 0.77 0.62 13.42 6.37 - - - - 0.58 0.63 4.91 1.80 

1:1 50.00 0.80 0.57 14.18 6.45 0.60 0.58 9.32 3.24 0.57 0.69 7.20 2.79 

2.5:1 71.43 0.78 0.32 11.79 2.98 0.65 0.33 6.25 1.33 0.58 0.63 7.83 2.84 

5:1 83.33 0.74 0.29 2.17 0.47 0.66 0.30 2.08 0.41 0.56 0.41 5.21 1.21 

10:1 90.91 0.75 0.26 1.15 0.23 0.67 0.27 1.05 0.19 0.52 0.38 1.46 0.29 

15:1 93.75 0.75 0.26 1.08 0.21 0.70 0.25 0.46 0.08 0.50 0.38 0.64 0.12 

20:1 95.00 0.77 0.27 1.06 0.22 0.75 0.24 0.23 0.04 0.51 0.38 0.68 0.13 
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The J-V curves from which the values in Table 3 are extracted are shown in Figure 23, where the big 

advantage of the relative lower donor ratios in PTB7-Th most importantly shows with the big increase in 

JSC. Again, it is important to note that the JSC in this graph is different from the value in the table, as the JSC 

from the EQE is corrected using integration of the area under the EQE curve.. The higher PCE of the 1:1 

ratio over the 2:3 ratio is visible due to a slightly higher JSC and VOC, while having the same approximate 

MPP. This in turn leads to a slightly lower FF for the 1:1 ratio blend. From the 5:1 ratio onwards, the 

difference becomes negligible. This same trend is seen in Figure 24a, where the EQE of the 1:1 ratio blend 

is slightly higher than the 2:3 blend. It becomes clear that the main loss in JSC is due to a lack of absorption 

in the acceptor region between 550 and 750 nm, while the EQE in the region where the donor absorbs is 

almost identical for these lower donor concentrations. The loss in EQE for D:A ratios higher than 2.5:1 is 

spectacular, with also the donor-region dropping in EQE due to decreased charge transport efficiency. The 

PTB7-Th blends did have an increasing thickness as the D:A ratio increased, as shown in the appendix. This 

increase in thickness will also have an impact on the solar cell characteristics as thickness optimizations 

have showed in previous experiments. 
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Figure 23: J-V curves of the different polymer:[60]PCBM ratio blends with a) PTB7-Th, b) PDPP5T, c) P3HT. 

For PDPP5T, the trends are quite different. The VOC now shows a clear increase as the donor concentration 

within the blend increases, while the JSC and FF decrease. The 1:2 ratio indeed proves to be optimal in 

terms of efficiency, as previous experiments showed. As the 1:2 ratio blend is the lowest donor 

concentration measured, an even lower donor concentration may provide an even higher PCE. As was the 
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case for PTB7-Th, the main loss in PCE for the PDPP5T cells is also a decrease in JSC accompanied by a 

significant decrease in FF, which appears in Figure 23b.  

When looking at Figure 24b, we see that the EQE of the 1:2 D:A ratio blend is highest for 

PDPP5T:[60]PCBM, as expected. While the drop in total EQE was quite abrupt for PTB7-Th, the decrease 

in EQE for the PDPP5T ratio blends is much more gradual. The largest decrease in EQE again comes from 

the acceptor region. Overall, increasing the donor concentration within the blend seems to correlate 

inversely with the peak intensity.  

P3HT is the compound for which most different ratios were investigated. There is a decrease in VOC for 

increasing donor concentration, with the 2.5:1 ratio the only slight outlier. The JSC shows parabolic 

behaviour, as can be expected, with the maximum for the 2.5:1 ratio. As there is either a lack in donor or 

acceptor, holes or electrons cannot be transported optimally, leading to a decrease in current. The FF also 

shows parabolic behaviour for P3HT, with the maximum for the 1:1 ratio.  
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Figure 24: EQEs of the polymer:[60]PCBM blend ratios, with a) PTB7-Th, b) PDPP5T, c) P3HT. 

This also becomes clear from Figure 23, with the JSC and VOC being slightly higher for the 2.5:1 ratio than 

for the 1:1 ratio, with almost equal MPPs for both. There is a clear increase in JSC and FF as the donor ratio 

increases from 15% to 71.5%, after which it steadily decreases again. The EQE in Figure 24c shows no clear 
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trends for P3HT. While the 17:3 lacks in EQE in the region higher than 450 nm, presumably due to non-

efficient charge transport, the 1:2 ratio increases on this region slightly, while decreasing in EQE for the 

region lower than 450 nm. The whole spectrum then increases in intensity for the 2:3 and 1:1 ratio as 

charge transport becomes more efficient, after which the 2.5:1 ratio increases in EQE slightly in the 380-

510 nm region due to more absorption by the donor. After that, the spectrum scales down steadily until 

the 15:1 ratio, which is almost equal to the 20:1 ratio in EQE. 

5.2 Sub-bandgap EQE measurements  
Besides the general trends in performance for the variety of D:A ratios, the main question is whether 

these variations of the D:A ratio would influence the location, shape and intensity of the CT state. In Figure 

25, the sub-bandgap EQEs can be studied to get a better understanding of the band shapes of the CT 

states. The real EQE of PTB7-Th in Figure 25a shows that the 2:3 and 1:1 D:A have very similar band shapes 

over the whole energy range shown, with only a small decrease in intensity for the 2.5:1 ratio at the low 

energy region. This is in line with what was seen in the general EQE data in Figure 24a. From the 5:1 ratio 

onwards, we start to see a different trend. A real peak emerges at 1.63 eV, which slightly drops in intensity 

as the donor concentration increases further. Furthermore, a large extra feature arises around 1.1 eV for 

the 5:1 D:A ratio blend. This feature increases in intensity as the D:A ratio increases, which is accompanied 

by emergence of this feature at a higher energy. These features fall back in intensity for the 20:1 ratio, 

showing a very similar band shape to the 5:1 ratio. The shift in where this extra feature starts becomes 

extra clear in the (DP) normalized EQE in Figure 25b.  

The drop point of signal changes slightly as well. This difference in normalization point may cause slight 

problems for the ΔEQE. Finally, the normalized EQE shows that the 15:1 ratio drops the least orders of 

magnitude in signal. For this ratio blend, the EQE can only be measured on five orders of magnitude, while 

the more optimal D:A ratios can be measured over eight orders of magnitude. As the 20:1 D:A ratio scales 

an order of magnitude more than the 15:1 ratio, meaning the extra feature is less pronounced for the 

20:1 ratio. One would expect this to be higher for the 20:1 D:A ratio as a continuation of this trend. The 

exact origin of this feature is not entirely clear from these graphs. As it only emerges for D:A ratios higher 

than 2.5:1, one might expect it has something to do with the donor itself. Indeed, a cell with only the 

donor in the active layer has shown this extra feature as well. Experiments have shown that there is no 

effect on this extra feature when using highly conductive PEDOT:PSS instead of regular PEDOT:PSS. This 

might suggest this might be due to doping of the donor, which will be investigated in chapter 6. 

For PDPP5T, a very clear trend can be seen. As the donor concentration increases, the DP-intensity 

decreases. From the 1:2 ratio towards the 20:1 ratio, the signal in the higher energy region before the DP 

shows a difference of over 2 orders of magnitude. From the 1:1 ratio onwards, an extra feature around 

1.2 eV emerges as well, showing a more Gaussian shape for the 15:1 and 20:1 ratio. In contrast to the 

PTB7-Th blends, PDPP5T does not show a plateau-like section in this low energy region. Furthermore, the 

region between 1.1 and 1.7 eV is extremely similar for all of the ratios. Like the PTB7-Th blends, we can 

see that the onset of the extra feature increases in energy as the D:A ratio increases. However, the CT 

state is not very pronounced for both of these materials. There is some curve to be seen between 1.1 and 

1.5 eV, but this is hardly possible to fit correctly.  

For P3HT, it is a lot harder to distinguish the different curves from each other as they show more overlap. 

The 3:17 D:A ratio has a distinguishable slope which is a lot larger than the other curves. There is no clear 
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drop point present for this 3:17 ratio. The peak at 1.75 eV which is characteristic for PCBM is still present, 

as discussed in chapter 4. As charge extraction is probably not optimal for the high acceptor ratio, the EQE 

for photon energies larger than 1.8 eV is lower than for the higher D:A ratio blends. The peak around 

1.75 eV disappears from the spectrum at D:A ratios of 2.5:1 and higher. From the real EQE, it becomes 

clear that the main difference between the spectra is the signal intensity, but having similar overall shapes 

besides the 1.75 eV acceptor peak. For the three highest D:A ratios, there seems to be some higher signal 

in the normalized EQE spectra at the energy range lower than 1.0 eV. The opposite is true however, as 

becomes clear from the real EQE. The equipment is simply not able to measure signals lower than 

measured here. A small increase in signal can be found at energies lower than 1.0 eV for the 3 highest D:A 

ratios. Experiments have shown that this small increase is due to interference, where the equipment locks 

in to signal noise, which increases in intensity as the sample signal decreases. 
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Figure 25: Real EQE and normalized EQE of the donor:[60]PCBM ratio blends. 
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5.3: Analysis of the CT state parameters as a function of D:A ratio 
The previous chapter has shown that the real EQE and DP-normalized EQE do not have obvious features 

which can be fitted using the Gaussian in eq. (3.1). The ΔEQE should thus be used to extract the values for 

the CT state energy and the reorganization parameter. These values can then be used in a fit for the real 

EQE to extract the f values. This is shown in Table 4, together with the VOC. The graphs can be found in 

Figure 26. 

For the PTB7-Th:[60]PCBM blends, the same anomalies as found in the real and normalized EQEs are seen 

in the ΔEQE. All of the graphs look quite similar, with the extra low-energy feature present for the D:A 

ratios higher than 2.5:1. Compared to the (DP) normalized EQE, the overall band shape is nearly identical, 

with the main difference being the more Gaussian section between 1.5 eV and 1.7 eV. It must be noted 

that most of the higher ratios have their ΔEQE peak, which should give a clear indication of the CT state, 

at a maximum very close to unity. This could be interpreted as the CT state providing (nearly) all of the 

absorption within this region, which is highly unlikely. Further trends will be discussed later in this 

paragraph. 
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Figure 26: ΔEQE values of the donor:[60]PCBM blends. 

For PDPP5T, one of the blends that stands out is the 1:2 ratio, which is nearly one order of magnitude 

lower than the rest around 1.5 eV, but also shows a signal which continues to two orders of magnitude 

lower for energies smaller than 1.1 eV. A clear upward trend can be seen for this blend at energies lower 

than 1.0 eV, which is due to interference within the system. As compared to the PTB7-Th, for PDPP5T all 

of the peaks lie at the same maximum, with the 1:2 ratio is the only exception, as observed in EQEs in 
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Figure 26. This indicates that the DP for all of the different ratio blends is identical, whereas it was different 

for the various PTB7-Th blends. Similar to the normalized EQE, we still see the extra curved feature arising 

for the PDPP5T:[60]PCBM blends with a ratio higher than 10:1. 

There is a lot to be found in the P3HT spectra, being the only data series which is significantly different to 

the corresponding normalized EQE. The lowest D:A ratio of 3:17 shows no signal at all, as the EQE of this 

ratio is almost always lower than the signal of the signal of the P3HT:ICBA blend. There is a signal present 

for the 1:2 ratio, showing a dip in the ΔEQE in the visible region at 1.7 eV, while the signal drops below 

that of the ICBA blend at 1.9 eV. For the 2:3 ratio, we see the largest ΔEQE intensity range, spanning from 

0.5 to 5·10-9 in EQE. There is no signal absence in the visible region, meaning that the EQE of this blend is 

continuously higher than the P3HT:ICBA blend. We note that for all of the blends, ranging from D:A ratios 

of 1:1 to 10:1, the whole line is continuous, with two features in the visible region. The feature between 

1.5 eV and 1.7 eV is ascribed to the PCBM ratios, while the next main feature, spanning from 1.8 eV to 2.1 

eV, is ascribed to the ICBA blend. Only the 15:1 and 20:1 ratios show a gap region where the EQE of the 

ICBA blend is stronger than these PCBM blends. Compared to the normalized EQE data, there are no other 

dissimilarities. As the DP onset is quite broad, the ΔEQE of the P3HT blend is not necessarily easier to fit 

than the real EQE or normalized EQE, in stark contrast to the other donor blends. 

Table 4: CT state fit parameters of the different ratio polymer:[60]PCBM blends. 

  
PTB7-Th:[60]PCBM PDPP5T:[60]PCBM P3HT:[60]PCBM 

D:A 
ratio 

D conc. 
(%) 

VOC 
(V) 

ECT 
(eV) 

λ 
(eV) 

f 
(-) 

VOC 
(V) 

ECT 
(eV) 

λ 
(eV) 

f 
(-) 

VOC 
(V) 

ECT 
(eV) 

λ 
(eV) 

f 
(-) 

3:17 15.00 - 
 

- - - - - - - 0.62 - - - 

1:2 33.30 - - - - 0.58 1.29 0.24 4.0·10-3 0.60 1.23 0.32 2.5·10-4 

2:3 40.00 0.77 1.46 0.22 1.4·10-2 - - - - 0.58 1.24 0.34 2.5·10-4 

1:1 50.00 0.80 1.46 0.22 1.3·10-2 0.60 1.32 0.28 6.5·10-3 0.57 1.20 0.26 1.6·10-4 

2.5:1 71.43 0.78 1.46 0.22 1.6·10-2 0.65 1.38 0.24 9.0·10-3 0.58 1.20 0.22 1.9·10-4 

5:1 83.33 0.74 1.46 0.22 1.0·10-2 0.66 1.35 0.29 4.8·10-3 0.56 1.20 0.22 1.4·10-4 

10:1 90.91 0.75 1.47 0.25 5.0·10-3 0.67 1.37 0.28 3.2·10-3 0.52 1.20 0.26 6.0·10-5 

15:1 93.75 0.75 1.48 0.25 3.0·10-3 0.70 1.40 0.26 2.6·10-3 0.50 1.21 0.25 3.8·10-5 

20:1 95.00 0.77 1.49 0.25 4.0·10-3 0.75 1.41 0.26 1.2·10-3 0.51 1.26 0.27 4.2·10-5 

 

Applying eq. (3.1) to the DP-ΔEQE spectra, λ and ECT values are extracted, which in turn are used to find 

the f value in a fit on the real EQE. All values are shown in Table 4 above and visualized in Figure 27. In 

Figure 27a, the reorganization parameter as a function of the donor concentration is shown for each donor 

material. For PTB7-Th, only two different values are found for λ: the lower donor concentrations up to the 

5:1 ratio have a λ value of 0.22 eV, the higher ratios show a λ value of 0.25 eV. Thus, as the ratio increases, 

the band shape becomes narrower, meaning that the geometry relaxations are smaller for the lower 

donor concentrations, leading to higher electron charge transfer rates according to the Marcus equation. 

This may thus be one of the reasons for the higher JSCs for the lower D:A ratio blends.  

For PDPP5T, there seems to be two peaks in the λ-trend, with two equally low points for the 1:2 and 2.5:1 

ratio. As both of these valleys are based on single data points, the exact minimum may lie on a different 

ratio. Nonetheless, PDPP5T shows a completely different trend as compared to PTB7-Th, with either the 
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donor or acceptor at 30% about the showing the (preferred) lowest λ. Comparing these parameters to the 

overall device performance in Table 3, the differences are outstanding, with the JSC for the 1:2 ratio much 

higher than for the 2.5:1 ratio, showing that the charge transport for the former is more efficient, even 

though λ is the same for these ratios. This may be due to differences in morphology for the PDPP5T blends. 

P3HT shows a different trend altogether, showing a valley with a minimum for the 2.5:1 and 5:1 ratio. As 

was expected from the much larger signal decay region as shown in Figure 26c, the λ parameter is much 

larger for all of the P3HT blends when compared to the other donors. This may be due to the ICBA blend 

having a partly visible CT-state. The minima in λ are closer in line with the JSCs shown in Table 3 than for 

PDPP5T, with the maximum JSC for the 2.5:1 ratio. Solely looking at the JSC, one would suspect that the 1:1 

ratio would show a higher λ than the 5:1 ratio, which is not the case here. From these trends in Figure 

27a, it is impossible to make a prediction on the trends of different polymers, as especially PDPP5T and 

P3HT show almost opposite trends. The reason for this remains unclear so far. 
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Figure 27: Fitted parameters of the donor:[60]PCBM ratio series. a) λ values as a function of the donor concentration. b) ECT 
values as a function of the donor concentration. c) f values as a function of the donor concentration, with the f values for 

P#HT multiplied with a factor 10. d) ECT values as a function of the open circuit voltage. 

The polymers show more similar trends for the ECTs, all showing an increase as the donor concentration 

reaching its maximum in Figure 27b. Whereas PTB7-Th shows a plateau before this increase, P3HT has a 

slight drop before this plateau at the lower donor concentrations. PDPP5T shows an almost linear increase 

of ECT with increasing D:A ratio. A clear difference in overall ECT value is seen for the donors, with the 
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strongest donor showing the highest ECT, while the weakest donor shows the lowest ECT, as is in line with 

expectations.  

As mentioned before, the ECT and λ are fitted in the ΔEQE. In Figure 27c, the f values from the real EQE as 

a function of the donor concentration are plotted by using the extracted parameters from the ΔEQE. The 

f, which is proportional to the donor-acceptor molecular coupling, is a lot lower for P3HT as compared to 

the stronger donors. Again, f works as a scaling factor, determining the peak height of the fit. Even though 

the dataset of P3HT is multiplied by 10, it has the lowest values of all donors. All of the donors show a 

peak for the 2.5:1 ratio, meaning that the coupling of the donor and acceptor should be optimal at this 

ratio. Even though this is indeed the case for P3HT, this is not the case for the other polymers. It should 

be noted that for the P3HT blends, the 2.5:1 ratio is not the highest overall, with higher values for the two 

lowest donor concentrations. One would expect the coupling to be worse at the highest concentrations 

of either the donor or acceptor. Again, only P3HT does not follow this standard trend. From PTB7-Th, one 

may conclude that a higher acceptor concentration may provide more optimal coupling as it is higher than 

the right side of this graph. This may give a distorted idea, as the lowest donor concentration is still a lot 

higher than the lowest acceptor concentration, with a 33% concentration for the former and 4% for the 

latter. Comparing the 30% donor and acceptor concentrations, the results are quite similar. Generally, as 

the scaling factor f shows a decreasing trend while the ECT remains almost constant, it can be concluded 

that the contribution of the CT state to the absorption decreases as the D:A ratio increases. This is 

assumed to be due to less efficient charge separation and extraction. 

As was stated in the theory section, the ECT and VOC should follow the empirical relation as described in 

eq. (2.3), where an extra 0.2 to 0.3 eV can also be present due addition in energy by the reorganization 

energy. Overall, the relation between ECT and VOC should be linear. Figure 27d, shows that the collection 

of all the data points indeed provide a linear correlation. However, this is mainly due to the PDPP5T, which 

shows the clearest correlation. PTB7-Th has the most clustered data points, as both ECT and VOC are nearly 

identical for all the different ratios. The spread over VOC is larger for P3HT, but there is no trend to be seen 

at all when trying to correlate this parameter to the ECT. The empirical relation does hold for all the data 

points in this graph.  

The main problem which arises here is that for P3HT, eq. (3.1) is fitted on a curve which is on the edge of 

meeting the requirement for using the subtraction method, as the P3HT:ICBA curve shows a slight extra 

feature in its normalized SBG-EQE graph as well, as shown in Figure 20. As the requirement for using this 

method is a hidden CT state for ICBA, this may not be the case, as it is unclear whether this extra feature 

is due to the CT state. Furthermore, the method of using the ΔEQE to extract the ECT and λ values for the 

determination of f in the real EQE has already been shown to be a matter of personal preference instead 

of proved improvement over fitting each real EQE curve on its own. This results in a slightly different 

relation for each material. All of these problems have the same main problem. It remains ambiguous on 

how and where to exactly fit each curve using eq. (3.1), with the possibility of reaching different 

conclusions based on different researchers. 
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5.4: Conclusion 
In this chapter, it has been shown that the broad range of ratio alterations indeed shows variations in 

device performance, as previously shown in work by Vandewal et al. using different polymers and 

fullerenes. The same general increasing trend in ECT is found for increasing donor concentrations for 

PDPP5T and PTB7-Th, whereas P3HT shows a valley-like trend with a minimum for the optimum ratios. 

This may be due to less accurate fitting, as the P3HT has spectra with a less clear DP and Gaussian onset. 

Furthermore, it can be concluded that the λ is nearly impossible to predict, as each polymer showed a 

completely different trend, with a valley-like trend for P3HT, double peak trend for PDPP5T and a plateau 

with subsequent increase for the PTB7-Th. All of the polymer blends show a decrease in f after the 2.5:1 

ratio, indicating decreased D:A coupling. There does not seem to be a direct correlation between f and λ 

to the main performance parameters ECT and VOC. The new method of fitting the curves using the ΔEQE 

does prove to be useful for the PTB7-Th and PDPP5T blends, where a more Gaussian CT state is found 

after subtraction which is a lot easier to fit than the normalized EQE and real EQE.  
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Chapter 6: In-depth analysis on anomalies in sub-bandgap spectra 
Several features within the sub-bandgap spectra have remained unclear so far on their origins. This 

chapter is dedicated to uncovering possible explanations. A low-energy state has been seen in the spectra, 

mainly found for the high donor ratios in PTB7-Th and PDPP5T. As experiments by Fusella et al. have 

shown, this extra low energy state may be due to anisotropy caused by morphological differences.73,74 In 

their experiments, polarized SBG-EQE measurements were performed to study the anisotropy of the extra 

states, where an extra feature arose due to crystalline regions within the BHJ, whereas these regions were 

not visible for amorphous BHJs. This theory can be checked by performing sub-bandgap measurements 

on the samples which show this extra feature with the addition of a polarizer within the setup. Another 

option for this feature could be the presence of polarons, which have their own characteristic absorption 

spectrum.61 This theory will be tested using a dopant in a polymer-only film, as these radical cations 

(polarons) are only present in the donor.  

Furthermore, a characteristic peak in EQE is observed for all of the ICBA blends. A possible explanation for 

this peak is the absorption by the ICBA-anion. Similar to the polaron measurements, a dopant will be used 

in now an ICBA-film to further investigate this phenomenon. 

6.1: Donor doping for feature matching with polarons 
As the extra band on the low-energy region of the sub-bandgap EQE spectra mainly arises on the high-

donor ratio blends, the hypothesis that the donor material is of big importance in this phenomenon is put 

forward. As polarons will play a bigger role in absorption as the donor concentration is increased, the 

three different donors are doped using Ag-TFSI to enhance the polaron signal. From the experiments 

discussed in the previous chapters, for example in Figure 20 and Figure 25, the extra feature was best 

visible for the PTB7-Th blends, followed by PDPP5T. For P3HT, this extra feature may be hidden 

underneath the broad (CT) absorption band. 

In Figure 28a, the normalized absorption spectra of PTB7-Th are given, combined with the DP-normalized 

EQE of the 20:1 PTB7-Th:[60]PCBM SBG measurement. For the absorption spectrum of the pure PTB7-Th, 

a distinctive peak is found at 1.74 eV, accompanied by a smaller, broader peak at 1.88 eV. Upon adding 

20 w% of Ag-TFSI as dopant, increased absorption is found throughout the whole spectrum, with the 

increase in absorption the most significant for the low energy region. A distinct extra absorption peak is 

found at 1.1 eV. Comparing this peak to the feature found in the SBG-EQE spectrum shown in blue, a 

mismatch in peak position is found, as the low-energy peak for the SBG-EQE spectrum is found at 0.8 eV. 

Revisiting Figure 25a and Figure 26a, the highest energy peak value is 0.92 eV, which is far off the 1.1 eV 

shown in this absorption spectrum. Another small, sharp distinctive peak is found directly underneath the 

low energy feature peak. The very sharp transition makes the validity of this peak questionable, as this 

makes it more likely to be due to interference, as noise on the signal is often found in this very low energy 

region while measuring with the used UV-Vis spectrometer. This extra peak has not been reproducible by 

measuring on a different spot on the same sample.  
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Figure 28: The normalized absorption spectra of Ag-TFSI doping on the three polymers, combined with the highest D:A ratio 
DP-normalized EQE. a) PTB7-Th. b) PDPP5T. c) P3HT. 

In Figure 28b, spectra of a pure and doped PDPP5T sample are shown. A shift in peak location can be 

found when adding 20 w% of Ag-TFSI as dopant, with the peak shifting from 1.8 eV to 1.65 eV. 

Furthermore, the absorption onset for the 20 w% doped donor is at a significantly higher energy than the 

feature onset for the SBG-EQE. A large increase in the low-energy region is found, in line with the 

experiments on PTB7-Th. The correlation or mismatch of this extra absorption feature with the SBG-EQE 

of the 20:1 D:A blend is more ambiguous for PDPP5T, as there is no clear peak in neither the SBG-EQE, 

nor the absorption spectrum.  

For P3HT, a clear, broad, extra peak is found for the doped donor absorption spectrum with respect to 

the non-doped donor. As for PDPP5T, a main peak shift of around 0.15 eV is found for P3HT. As mentioned 

in the previous chapter as well, there is no distinct extra feature present in the P3HT blend, beside the 

feature ascribed to the CT state. As follows from these absorption spectra, the polaron peak coincides 

with this broad feature as well. From Table 4, an increase in λ was found as the D:A ratio increased above 

5:1. As the polarons are very likely to be influenced by the reorganization energy, this increase in λ may 

indeed be correlated to the higher doping.29 

For all of the donors, a clear effect of the doping is seen on the absorption in the lower-energy side of the 

spectrum. As only PTB7-Th shows clear peaks for both the EQE and absorption, the correlation can be 
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made most accurately for this material. In this case, there is a clear mismatch in peak energy. As for 

PDPP5T and P3HT, the polaron band may indeed be a contributing factor to the extra feature. The scales 

for the absorption and EQE are not equal, therefore, the result may seem distorted in intensity, especially 

for P3HT. As the dopant peak is nearly equal to the main peak, one would suspect the effect of this polaron 

to be tremendous. This is not clearly seen from the results in Figure 25 however, as no extra feature is 

found. 

6.2: Polarized sub-bandgap measurements for interface effect investigation 
As there was no clear match between the extra feature and the polaron band, the possibility of interface 

effects is investigated. As mentioned before, Fusella et al. have performed polarized SBG-EQE 

measurements on crystalline and amorphous devices.73,74 In this work, it was concluded that at increased 

crystallinity leads to improved interfacial CT exciton dissociation into free charges, increasing 

performance. For these experiments, the CT state transition dipole moment is expected to be 

predominantly aligned orthogonal to the interface, leading to preferential absorption of transverse 

magnetic (TM) polarized light, meaning that the signal of the transverse electric (TE) polarized light should 

have a decreased EQE. 74 One important side note is that for polymer-fullerene blends, the reorganization 

parameter commonly falls within a range of 0.2 to 0.3 eV.75 This in in line with the experiments from 

Fusella et al. for their experiments, However, upon fitting the low-energy feature on these curves using 

eq. (3.1), λ values larger than 0.4 eV are commonly found. Nonetheless, the possibility of surface effects 

remains. 

For further investigation, the 20:1 D:A ratio of PTB7-Th:[60]PCBM was used, as this cell provided the most 

intense low-energy feature. With the sample interface at a 30 degree angle with respect to the incoming 

light, a polarizer was inserted in between the monochromator and this sample. This setup is schematically 

illustrated in Figure 29. This polarizer was rotated 10 degrees after each measurement, to obtain the 

complete transition from transverse electric to transverse magnetic EQE. This procedure was repeated 

for the InGaAs reference at each angle. In theory, with one quarter of the whole 360 degree rotation 

measured, the other quadrants are also known due to symmetry.  

 

Figure 29: Schematic overview of the setup used for polarized sub-bandgap EQE measurements. 
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In Figure 30a, a clear shift in peak position can be seen, as well as a change in width and intensity. Each of 

these EQE signals is corrected with the InGaAs reference at the same polarizer angle, but they are not 

normalized. In line with the results found by Fusella et al., the TM-polarized light (0 degree polarizer) 

shows the higher intensity EQE as compared to the TE-polarized light at 90 degrees. Not only does the 

TM-polarized EQE show the highest peak intensity, as elaborated upon in Figure 30d, it also has the 

broadest peak (Figure 30c) and one of the highest peak energies (Figure 30b). However, the TM-polarized 

light also shows the highest energy at which the signal could no longer be locked on to. The red-shift in 

peak location is in line with experiments found by Fusella et al. when applying a reverse bias. 

Fusella et al. have shown that this effect is seen for highly crystalline devices only, as the shift in EQE 

intensity and location was not found for amorphous materials.74 The experiments discussed in this thesis 

have seen the emergence of this feature for devices with D:A blends with a donor majority in the blend, 

as well as donor-only devices considering the active layer. Not all of the donors are known for their 

crystallinity, especially not in blends with the used fullerenes. As this feature emerges when the donor 

reaches large excess levels over the acceptor, the donor material can form larger domains compared to 

the acceptor agglomerates. This leads in turn to a better organization of the polymer chains, and better 

crystallization than in the blend with a lower D:A ratio, albeit not as crystalline as the rubrene:PCBM 

blends used by Fusella et al. However, the clear intensity increase for TM-polarized light in contrast to the 

TE-polarized light does show that surface effects of charge dissociation at the interfaces do have a high 

probability of influencing this extra feature.  

 

Figure 30: Polarization plots of the 20:1 D:A ratio PTB7-Th:[60]PCBM sample. a) Reference-corrected EQE over a range of 90°. 
b) Feature-peak energy trend as a function of polarizer rotation. c) Full-width at half maximum for the gaussion of the 

feature-broadness as a function of polarizer rotation. d) The EQE peak intensity as a function of polarizer rotation. 
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6.3: ICBA doping 
In all of the donor:ICBA blends, a small peak is found at 1.20 eV. While this is most obvious for a blend 

with PTB7-Th, it is also slightly visible for P3HT and PDPP5T. As can be seen in Figure 20a-c, the location 

of this peak is identical for all three donors. This small, narrow peak is not generally known for ICBA. 

Absorption measurements on a pure ICBA cell have not provided a peak at this specific wavelength on its 

own. As the ICBA has been present in concentrations ranging from 67% in the PDPP5T blend to 50% in the 

P3HT blend, the ICBA may well have been doped by the large donor concentrations and therefore an ICBA 

anion could be formed. As PTB7-Th is the strongest donor, this would logically explain why this feature is 

the most prominent in the 2:3 ratio PTB7-Th:ICBA blend, aided by non-overlapping absorption with the 

EQE of the blend itself. As a radical anion of [60]PCBM shows an absorption peak around 1.26 eV, this 

small increase due to the different substitution of the fullerene could provide the needed shift toward 

1.2 eV.76 
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Figure 31: Absorption spectra of 25 w% and 50 w% doped ICBA, correlated to the EQE of the 2:3 ratio PTB7-Th:ICBA blend. 
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Doping the ICBA using tetra-n-butylammonium fluoride (TBAF) in both a 25 w% and 50 w% doping 

concentration have provided absorption spectra as shown in Figure 31. TBAF is added as an n-type dopant 

to create the ICBA anion. A clear increase in absorption intensity is found at 2.1 eV for the highest weight 

concentration of TBAF. However, this most obvious feature is by far not in line with the 1.2 eV peak of 

ICBA. This could mean that an ICBA-anion has not been created by using TBAF, but another strong 

absorbing material. A very slight deviation from a straight line is seen around 1.2 eV for the highest doping 

spectrum, albeit much broader than the peak found in all of the donor:ICBA blends. Even though this 

deviation may be correlated to the peak found at 1.2 eV, the broadness of the peak makes it highly unlikely 

that the peak is caused by an ICBA anion. The origin of this peak thus remains unclear for now.  
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Chapter 7: Epilogue 

7.1: Conclusions 
Optimizations to the sub-bandgap EQE setup and protocol have shown that the time constant, delay time, 

number of measurements and autosense function have a significant impact on the noise levels on the 

signal. The new optimized protocol which has been found in this project has opened doors for extensive 

research on the D:A blends. As PTB7-Th and [70]PCBM proved to be the strongest donor and acceptor 

respectively in terms of solar cell performance, P3HT and ICBA have showed the lowest performance.  

The comparison of the five different methods of showing the sub-bandgap EQE spectra has resulted in 

the preference of using the DP-normalized EQE and the DP-ΔEQE derived from this DP-normalized EQE 

over the peak normalized EQE and peak ΔEQE due to better overlap with the ICBA blends. The CT-state 

parameters ECT and λ are more easily determined in the ΔEQE as compared to the normalized EQE. These 

parameters values can in turn be used within the real EQE to extract the most realistic scaling factor f. 

This has only raised questions about the viability for P3HT, as there seems to be a contribution of the CT 

state of the ICBA blend within the sub-bandgap EQE. This makes the subtraction method less accurate for 

the P3HT blends.  

D:A ratio alterations have shown clear differences in device performance, in line with work by Vandewal 

et al. An increasing trend in ECT is found for increasing donor concentrations for PDPP5T and PTB7-Th, 

while P3HT shows a valley-like trend with a minimum for the optimum ratios. This can be due to less 

accurate fitting, as P3HT blends have spectra with a less clear DP and Gaussian onset. The reorganization 

energy λ shows different trends for each polymer, with a valley-like trend for P3HT, a two peak trend for 

PDPP5T and a plateau with increase at high D:A ratios for the PTB7-Th. Decreased D:A coupling has been 

indicated for all polymer blends by a decrease in f after the 2.5:1 ratio. A direct correlation between f and 

λ to the main performance parameters ECT and VOC does not seem to exist. Fitting the curves using the 

ΔEQE has proven to be useful for the PTB7-Th and PDPP5T blends, since a more Gaussian CT state is found 

after subtraction of the ICBA blend, which is a lot easier to fit than the normalized EQE and real EQE.  

In-depth experiments have been performed to explain found anomalies in the sub-bandgap EQE spectra. 

A broad feature found for the high-donor ratio blends was investigated using donor doping using Ag-TFSI 

and polarized sub-bandgap EQE measurements. Doping of the donor did not provide overlap of this extra 

feature in the sub-bandgap EQE measurements with the peaks found in absorption measurements of the 

doped donor films. Polarized sub-bandgap EQE measurements did show a clear effect on the shape and 

intensity of this extra feature, meaning that this extra feature could be due to surface effects, as found by 

Fusella et al. for crystalline blends. Furthermore, a small feature found for ICBA blends at 1.2 eV within 

sub-bandgap EQE spectra was investigated by doping ICBA with TBAF. As the absorption peak of this 

doped ICBA does not coincide with the peak found at 1.2 eV in the sub-bandgap EQE spectra, the 

hypothesis of an ICBA anion seems implausible, even though a radical anion of [60]PCBM is known to 

absorb at 1.26 eV, assuming an ICBA-anion has indeed be created using these doping experiments. 
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7.2: Future outlook 
The experiments in this thesis are performed using three different polymers and three different acceptors, 

providing a total amount of nine unique combinations. As this thesis has not showed a clear concise trend 

for all of the blends as a function of material properties, multiple donors and acceptors can be added to 

further investigate a general trend in the CT state fits. One of the examples would be to include non-

fullerene acceptors instead of the fullerene acceptors, mainly because non-fullerene acceptors have 

proven to provide improved solar cell characteristics.48,77 The impact on the CT state of this higher 

efficiency will be interesting to study.  

Additionally, the experiments performed on the ratio alterations have mainly been performed using 

[60]PCBM as a proof of concept, as [60]PCBM has shown a clear CT state in most cases compared to ICBA, 

while being cheaper than [70]PCBM. For improvement of the CT state fitting, ICBA blends in the same D:A 

ratio will have to be made for correct use of the subtraction method, in contrast to the single ratio of ICBA 

being subtracted from the various D:A ratio blends of the [60]PCBM.  

Even though the subtraction method has proven to be useful in the determination of the CT state, the 

exact position of the Gaussian fit remains ambiguous due to human preference of fit location, leading to 

drastically different values for different researchers. Experiments by Vandewal et al. have added 

electroluminescence measurements to the sub-bandgap EQE measurements for more accurate 

determination of the CT state energy.23 However, this method is still debated on the validity and correct 

interpretation. EL experiments performed for this project have not found a significant benefit of using EL 

as an addition to determine the CT state characteristics. 

Morphology is also of great importance for the behavior of the solar cells, as the amount of interfaces 

determines the charge separation and exciton dissociation efficiency. The impact of the different ratios 

on this morphology is of high impact, as shown by Fusella et al.73,74 The use of transmission electron 

microscopy or atomic force microscopy for determination of the morphology of the solar cells can provide 

a better understanding of the solar cell behavior due to these ratio alterations, as well as the impact of 

the various materials on the blend, including used solvents. This is especially interesting, since the low-

energy feature in the sub-bandgap EQE for high D:A ratios seems to be correlated to the interface, as 

shown in chapter 6.  

  



 
51 

 

7.3: Acknowledgements 
The 9 months which have passed have been chaotic to say the least. These months in the MST and M2N 

group have provided gigabytes of data, much of which has not made this thesis at all. But all of the data 

which was collected has contributed to a better understanding of the work described in this thesis, none 

of which would have been possible without the great support of many people. 

First of all, Robin. I know I have not been the easiest student. Many setbacks have hindered this project, 

varying from my terminally sick husky Tungsten, a burn-out, failing equipment, and a home improvement 

which was a drama series on its own. Fortunately, you remained calm (most of the time...), and guided 

me through this project whenever I needed either the emotional or educational support. You’ve taught 

me a lot the past couple of months, and motivated me to increase the level of many skills, such as planning, 

creativity, and communication. But most of all, I would like to thank you for taking this enormous amount 

of time for me while you are finishing your own project. The last weeks of my projects have been hectic, 

especially with me starting to apply for different jobs, but you still managed to help me improve this thesis 

in all your spare time. I can’t emphasize my gratitude enough. Good luck on finishing your own project! 

René and Martijn, thank you for accepting me into the group, and the many discussions we’ve had. While 

we only had a few meetings in which we’ve discussed the project, its process, and how to continue, it gave 

me very clear guidelines on how to continue my experiments and how to improve my data presentation. 

The many anomalies were also discussed in meetings between both of you and Robin in my absence, while 

originally the project of Robin was supposed to be discussed. Sorry Robin, for leeching all of your time :). 

All of the discussions did provide me with many new insights, so thank you both very much. 

Michael and Stefan, thank you both for being part of my graduation committee. Furthermore, I would like 

to thank Stefan for the many discussions we’ve had on the project itself on the EL part. Michael, thank 

you for taking the time in your holiday to complete my committee. I am sure we will have an interesting 

discussion on the project. 

Matt, the amount of ideas you’ve provided me on possible explanations of my results has given me almost 

a complete chapter on its own. Your out of the box thinking, combined with the many papers you’re 

keeping track of, has enriched many discussions. Furthermore, the work you have done on the script for 

the sub-bandgap EQE measurements has provided many great results to this thesis. 

The M2N group itself has also helped me a lot. Fruitful discussions during lunch meetings, help with 

different types of equipment, and the friendly conversations besides work. 

Furthermore, my girlfriend Lisa. Oh, how many times I came home grumpy due to experiments gone 

wrong, or stress since I did not know how to manage my time to finish all that I wanted to do. Lucky for 

me, you’ve always been there to support me and to put a smile on my face, no matter how tough the 

situations. 

Last but not least, my parents. You’ve seen me develop during all these years, and grow to be who I am 

today. Pieter, you’ve also been a great help in this project, as your knowledge in chemistry and analysis 

often provided the new insights I needed. Ellen, even though chemistry is not your forté (yet), your kind 

words and expressions of pride and warmth have pulled my through the emotional hardship I endured 

this year. 



 
52 

 

  



 
53 

 

Bibliography 
1. Global Temperature | Vital Signs – Climate Change: Vital Signs of the Planet. Available at: 

https://climate.nasa.gov/vital-signs/global-temperature/. (Accessed: 22nd May 2018) 

2. Carbon Dioxide | Vital Signs – Climate Change: Vital Signs of the Planet. Available at: 
https://climate.nasa.gov/vital-signs/carbon-dioxide/. (Accessed: 22nd May 2018) 

3. Smil, V. Energy transitions : global and national perspectives. (Praeger, 2016). 

4. Parry, M., Canziani, O., Palutikof, J., van der Linden, P. & Hanson, C. Climate change 2007: 
Impacts, adaptation and vulnerability. (2007). 

5. Li, K., Peng, B. & Peng, T. Recent Advances in Heterogeneous Photocatalytic CO 2 Conversion to 
Solar Fuels. ACS Catal. 6, 7485–7527 (2016). 

6. Conti, J. J. & Turnure, J. Annual energy outlook. (2016). 

7. Rapier, R. The Experts: What Renewable Energy Source Has the Most Promise? - WSJ. Wall street 
journal (2013). 

8. Becquerel. Mémoire sur les effets électriques produits sous l’influence des rayons solaires. 
Comptes Rendus des Séances Hebd. 9, (1839). 

9. Chapin, D. M., Fuller, C. S. & Pearson, G. L. A New Silicon p‐n Junction Photocell for Converting 
Solar Radiation into Electrical Power. J. Appl. Phys. 25, 676–677 (1954). 

10. Perlin, J. Let it shine : the 6,000-year story of solar energy. 

11. Photovoltaic Research | NREL. Available at: https://www.nrel.gov/pv/. (Accessed: 22nd May 
2018) 

12. Green, M. A. Third generation photovoltaics: solar cells for 2020 and beyond. Phys. E Low-
dimensional Syst. Nanostructures 14, 65–70 (2002). 

13. Jackson, P. et al. Effects of heavy alkali elements in Cu(In,Ga)Se 2 solar cells with efficiencies up to 
22.6%. Phys. status solidi - Rapid Res. Lett. 10, 583–586 (2016). 

14. Søndergaard, R., Hösel, M., Angmo, D., Larsen-Olsen, T. T. & Krebs, F. C. Roll-to-roll fabrication of 
polymer solar cells. Mater. Today 15, 36–49 (2012). 

15. Green, M. A., Emery, K., Hishikawa, Y., Warta, W. & Dunlop, E. D. Solar cell efficiency tables 
(version 47). Prog. Photovoltaics Res. Appl. 24, 3–11 (2016). 

16. Spanggaard, H. & Krebs, F. C. A brief history of the development of organic and polymeric 
photovoltaics. Sol. Energy Mater. Sol. Cells 83, 125–146 (2004). 

17. Burroughes, J. H. et al. Light-emitting diodes based on conjugated polymers. Nature 347, 539–
541 (1990). 

18. Tang, C. W. Two‐layer organic photovoltaic cell. Appl. Phys. Lett. 48, 183–185 (1986). 

19. Yu, G., Gao, J., Hummelen, J. C., Wudl, F. & Heeger, A. J. Polymer Photovoltaic Cells: Enhanced 
Efficiencies via a Network of Internal Donor-Acceptor Heterojunctions. Science (80-. ). 270, 1789–
1791 (1995). 



 
54 

 

20. Janssen, R. A. J. & Nelson, J. Factors Limiting Device Efficiency in Organic Photovoltaics. Adv. 
Mater. 25, 1847–1858 (2013). 

21. Veldman, D., Meskers, S. C. J. & Janssen, R. A. J. The energy of charge-transfer states in electron 
donor-acceptor blends: insight into the energy losses in organic solar cells. Adv. Funct. Mater. 19, 
1939–1948 (2009). 

22. Kouijzer, S., Li, W., Wienk, M. M. & Janssen, R. A. J. Charge transfer state energy in ternary bulk-
heterojunction polymer–fullerene solar cells. J. Photonics Energy 5, 057203 (2014). 

23. Vandewal, K. et al. The relation between open-circuit voltage and the onset of photocurrent 
generation by charge-transfer absorption in polymer: Fullerene bulk heterojunction solar cells. 
Adv. Funct. Mater. 18, 2064–2070 (2008). 

24. Vandewal, K., Tvingstedt, K., Manca, J. V. & Inganäs, O. Charge-Transfer States and Upper Limit of 
the Open-Circuit Voltage in Polymer:Fullerene Organic Solar Cells. IEEE J. Sel. Top. Quantum 
Electron. 16, 1676–1684 (2010). 

25. Hendriks, K. H. Diketopyrrolopyrrolle polymers for efficient organic solar cells. (2014). 
doi:10.6100/IR780936 

26. Knupfer, M. Exciton binding energies in organic semiconductors. Appl. Phys. A Mater. Sci. 
Process. 77, 623–626 (2003). 

27. Scharber, M. C. et al. Design rules for donors in bulk-heterojunction solar cells - Towards 10 % 
energy-conversion efficiency. Adv. Mater. 18, 789–794 (2006). 

28. Aerts, A. The application of wide band gap conjugated polymers in single junction polymer solar 
cells. (Technische Universiteit Eindhoven, 2017). 

29. Feron, K., Belcher, W. J., Fell, C. J. & Dastoor, P. C. Organic solar cells: Understanding the role of 
förster resonance energy transfer. Int. J. Mol. Sci. 13, 17019–17047 (2012). 

30. Li, G., Zhu, R. & Yang, Y. Polymer solar cells. Nat. Photonics 6, 153–161 (2012). 

31. Tamai, Y., Ohkita, H., Benten, H. & Ito, S. Exciton Diffusion in Conjugated Polymers: From 
Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency. J. Phys. 
Chem. Lett. 6, 3417–3428 (2015). 

32. Sariciftci, N. S., Smilowitz, L., Heeger, A. J. & Wudl, F. Photoinduced electron transfer from a 
conducting polymer to buckminsterfullerene. Science 258, 1474–6 (1992). 

33. van Bavel, S. S., Bärenklau, M., de With, G., Hoppe, H. & Loos, J. P3HT/PCBM Bulk Heterojunction 
Solar Cells: Impact of Blend Composition and 3D Morphology on Device Performance. Adv. Funct. 
Mater. 20, 1458–1463 (2010). 

34. Heintges, G. The terpolymer design strategy : a novel approach for highly efficient organic solar 
cells The terpolymer design strategy : a novel approach for highly efficient organic solar cells. 
(Technische Universiteit Eindhoven). 

35. Liu, Y. et al. Aggregation and morphology control enables multiple cases of high-efficiency 
polymer solar cells. Nat. Commun. 5, 5293 (2014). 

36. Hiramoto, M., Fujiwara, H. & Yokoyama, M. Three‐layered organic solar cell with a photoactive 



 
55 

 

interlayer of codeposited pigments. Appl. Phys. Lett. 58, 1062–1064 (1991). 

37. Willems, R. E. M. Photoelectrochemical water splitting with earth- abundant materials. 
(Technische Universiteit Eindhoven, 2013). 

38. Murphy, L. Influence of High Mobility Polymer Semiconductors in Organic Photovoltaics. 
(University of Waterloo, 2013). 

39. Thompson, B. C. & Fréchet, J. M. J. Polymer–Fullerene Composite Solar Cells. Angew. Chemie Int. 
Ed. 47, 58–77 (2008). 

40. Wienk, M. M. et al. Efficient Methano[70]fullerene/MDMO-PPV Bulk Heterojunction Photovoltaic 
Cells. Angew. Chem. Int. Ed. 42, (2003). 

41. Shaheen, S. E. et al. 2.5% efficient organic plastic solar cells. Appl. Phys. Lett. 78, 841–843 (2001). 

42. Li, G. et al. High-efficiency solution processable polymer photovoltaic cells by self-organization of 
polymer blends. Nat. Mater. 4, 864–868 (2005). 

43. Liang, Y. et al. For the bright future-bulk heterojunction polymer solar cells with power 
conversion efficiency of 7.4%. Adv. Mater. 22, 135–138 (2010). 

44. Peet, J. et al. Method for increasing the photoconductive response in conjugated 
polymer/fullerene composites. Appl. Phys. Lett. 89, 252105 (2006). 

45. Van Franeker, J. J., Turbiez, M., Li, W., Wienk, M. M. & Janssen, R. A. J. A real-time study of the 
benefits of co-solvents in polymer solar cell processing. Nat. Commun. 6, 1–8 (2015). 

46. Gasparini, N. Controlling charge carrier recombination in ternary organic solar cells. (Friedrich-
Alexander-Universität Erlangen-Nürnberg, 2017). 

47. Di Nuzzo, D. et al. Simultaneous Open-Circuit Voltage Enhancement and Short-Circuit Current 
Loss in Polymer: Fullerene Solar Cells Correlated by Reduced Quantum Efficiency for 
Photoinduced Electron Transfer. Adv. Energy Mater. 3, 85–94 (2013). 

48. Hudhomme, P. EPJ Photovoltaics EPJ Photovoltaics An overview of molecular acceptors for 
organic solar cells. EPJ Photovoltaics 4, 40401 (2013). 

49. Zhang, A. et al. Conjugated polymers with deep LUMO levels for field-effect transistors and 
polymer-polymer solar cells. J. Mater. Chem. C 3, 8255 (2015). 

50. Liao, S. H., Jhuo, H. J., Cheng, Y. S. & Chen, S. A. Fullerene derivative-doped zinc oxide nanofilm as 
the cathode of inverted polymer solar cells with low-bandgap polymer (PTB7-Th) for high 
performance. Adv. Mater. 25, 4766–4771 (2013). 

51. Wang, A. & Xuan, Y. A detailed study on loss processes in solar cells. Energy 144, 490–500 (2018). 

52. Shockley, W. & Queisser, H. J. Detailed Balance Limit of Efficiency of p‐n Junction Solar Cells. J. 
Appl. Phys. 32, 510–519 (1961). 

53. Scharber, M. C. & Sariciftci, N. S. Efficiency of bulk-heterojunction organic solar cells. Prog. Polym. 
Sci. 38, 1929–1940 (2013). 

54. Elumalai, N. K. & Uddin, A. Open circuit voltage of organic solar cells: an in-depth review. Energy 
Environ. Sci. 9, 391–410 (2016). 



 
56 

 

55. Pal, S. K. et al. Geminate Charge Recombination in Polymer/Fullerene Bulk Heterojunction Films 
and Implications for Solar Cell Function. J. Am. Chem. Soc. 132, 12440–12451 (2010). 

56. Menke, S. M., Ran, N. A., Bazan, G. C. & Friend, R. H. Understanding Energy Loss in Organic Solar 
Cells: Toward a New Efficiency Regime. Joule 2, 25–35 (2018). 

57. Veldman, D. et al. Triplet formation from the charge-separated state in blends of MDMO-PPV 
with cyano-containing acceptor polymers. Thin Solid Films 511, 333–337 (2006). 

58. Morteani, A. C., Sreearunothai, P., Herz, L. M., Friend, R. H. & Silva, C. Exciton Regeneration at 
Polymeric Semiconductor Heterojunctions. Phys. Rev. Lett. 92, 247402 (2004). 

59. Benson-Smith, J. J. et al. Formation of a Ground-State Charge-Transfer Complex in 
Polyfluorene//[6,6]-Phenyl-C61 Butyric Acid Methyl Ester (PCBM) Blend Films and Its Role in the 
Function of Polymer/PCBM Solar Cells. Adv. Funct. Mater. 17, 451–457 (2007). 

60. Veldman, D. et al. Compositional and Electric Field Dependence of the Dissociation of Charge 
Transfer Excitons in Alternating Polyfluorene Copolymer/Fullerene Blends. J. Am. Chem. Soc. 130, 
7721–7735 (2008). 

61. Ohkita, H. et al. Charge Carrier Formation in Polythiophene/Fullerene Blend Films Studied by 
Transient Absorption Spectroscopy. J. Am. Chem. Soc. 130, 3030–3042 (2008). 

62. Peet, J. et al. Efficiency enhancement in low-bandgap polymer solar cells by processing with 
alkane dithiols. Nat. Mater. 6, 497–500 (2007). 

63. Mihailetchi, V. D., Blom, P. W. M., Hummelen, J. C. & Rispens, M. T. Cathode dependence of the 
open-circuit voltage of polymer:fullerene bulk heterojunction solar cells. J. Appl. Phys. 94, 6849–
6854 (2003). 

64. Kemerink, M., Kramer, J. M., Gommans, H. H. P. & Janssen, R. A. J. Temperature-dependent built-
in potential in organic semiconductor devices. Appl. Phys. Lett. 88, 192108 (2006). 

65. Gueymard, C. A. The sun’s total and spectral irradiance for solar energy applications and solar 
radiation models. Sol. Energy 76, 423–453 (2004). 

66. Bijleveld, J. C. Synthesis and application of pi-conjugated polymers for organic solar cells. 
(Technische Universiteit Eindhoven, 2010). doi:10.6100/IR691445 

67. Riordan, C. & Hulstron, R. What is an air mass 1.5 spectrum? (solar cell performance 
calculations). in IEEE Conference on Photovoltaic Specialists 1085–1088 (IEEE). 
doi:10.1109/PVSC.1990.111784 

68. Leenaers, P. Controlling the aggregation behaviour of diketopyrrolopyrrole polymers for 
photovoltaic applications. (Technische Universiteit Eindhoven, 2016). 

69. Marcus, R. A. Relation between charge transfer absorption and fluorescence spectra and the 
inverted region. J. Phys. Chem. 93, 3078–3086 (1989). 

70. Long, X. et al. Polymer Acceptor Based on Double B←N Bridged Bipyridine (BNBP) Unit for High-
Efficiency All-Polymer Solar Cells. Adv. Mater. 28, 6504–6508 (2016). 

71. Pan, J., Yin, H., Xie, Y.-Z., Sun, G.-Y. & Su, Z.-M. The conversion of donor to acceptor and rational 
design for diketopyrrolopyrrole-containing small molecule acceptors by introducing nitrogen-



 
57 

 

atoms for organic solar cells. RSC Adv. 7, 31800–31806 (2017). 

72. Al-Ibrahim, M., Roth, H.-K., Zhokhavets, U., Gobsch, G. & Sensfuss, S. Flexible large area polymer 
solar cells based on poly(3-hexylthiophene)/fullerene. Sol. Energy Mater. Sol. Cells 85, 13–20 
(2005). 

73. Lin, Y. L., Fusella, M. A. & Rand, B. P. The Impact of Local Morphology on Organic Donor/Acceptor 
Charge Transfer States. Adv. Energy Mater. 1702816, 1702816 (2018). 

74. Fusella, M. A. et al. Band-like Charge Photogeneration at a Crystalline Organic Donor/Acceptor 
Interface. Adv. Energy Mater. 8, 1–10 (2018). 

75. Vandewal, K., Tvingstedt, K., Gadisa, A., Inganäs, O. & Manca, J. V. Relating the open-circuit 
voltage to interface molecular properties of donor:acceptor bulk heterojunction solar cells. Phys. 
Rev. B 81, 125204 (2010). 

76. Kato, T. et al. Electronic absorption spectra of the radical anions and cations of fullerenes: C60 
and C70. Chem. Phys. Lett. 180, 446–450 (1991). 

77. Yan, C. et al. Non-fullerene acceptors for organic solar cells. Nat. Rev. Mater. 3, 18003 (2018). 

 

  



 
58 

 

  



 
59 

 

Appendix A: Experimental details 

A.1: Materials 
All solvents were used as received unless specified otherwise. Tetrabutylammonium fluoride hydrate 

(≥97%) were obtained from Sigma Aldrich (Germany). All solvents were acquired from commercial 

vendors. 1,8-diiodooctane (≥97.0%) was obtained from Alfa Aesar (Germany). Water is purified using a 

Behropur ion exchanger, and has a resistance of at least 20 MΩ. 

ITO coated glass substrates were obtained from Naranjo Substrates (The Netherlands). PEDOT:PSS 

(Clevios® P VP AI 4083) and PH1000 PEDOT:PSS were obtained from H.C. Starck (Germany). [60]PCBM 

(99%) and [70]PCBM (90-95%) were obtained from Solenne b.v. (The Netherlands). ICBA was obtained 

from Lumtec (Taiwan). PTB7-Th was obtained from (1-Material Ltd.). PDPP5T was obtained from BASF. 

P3HT (≥99.995% trace metals basis) was obtained from Sigma Aldrich (Germany).  

A.2: Device fabrication 
Before use, ITO covered substrates were thoroughly cleaned by sonication in an acetone bath before 

rubbing each substrate using an aqueous sodium dodecyl sulphate solution and subsequently rinsing with 

deionized water before sonication in 2-propanol, each procedure performed for 15 minutes. All substrates 

were then cleaned using UV/ozone for 30 minutes.  

PTB7-Th:acceptor: Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-

alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] and either [6,6]-phenyl-C61 

butyric acid methyl ester, [6,6]-phenyl-C71 butyric acid methyl ester or 1’,1’’,4’,4’’-tetrahydro-

di[1,4]methanonaphthaleno[5,6]fullerene-C60 were dissolved in a mass ratio between 2:3 and 20:1 in 3% 

DIO:CB at a 15 mg/mL total combined donor:acceptor concentration. The solution was stirred at 90 °C for 

at least 1 h, and stirred one minute at room temperature before being deposited on the substrate at 2000 

rpm for 60 seconds. (Targeted layer thickness 100 nm) 

PDPP5T:acceptor: Poly[[2,5-bis(2-hexyldecyl)-2,3,5,6- tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-
diyl](3‴,4′-dihexyl- [2,2′:5′,2″:5″:,2‴:5‴,2⁗-quinquethiophene]-5,5⁗-diyl)] and either [6,6]-phenyl-C61 

butyric acid methyl ester, [6,6]-phenyl-C71 butyric acid methyl ester or 1’,1’’,4’,4’’-tetrahydro-
di[1,4]methanonaphthaleno[5,6]fullerene-C60 were dissolved in a mass ratio between 1:2 and 20:1 in 5% 
o-DCB:CHCl3 at a 18 mg/mL total combined donor:acceptor concentration. The solution was stirred at 
90 °C for 1 h, and stirred one minute at room temperature before being deposited on the substrate at 
2000 rpm for 60 seconds. (Targeted layer thickness 100 nm) 
 
P3HT:acceptor: Poly(3-hexylthiophene-2,5-diyl) and either [6,6]-phenyl-C61 butyric acid methyl ester, 
[6,6]-phenyl-C71 butyric acid methyl ester or 1’,1’’,4’,4’’-tetrahydro-
di[1,4]methanonaphthaleno[5,6]fullerene-C60 were dissolved in a mass ratio between 3:17 and 20:1 in o-
DCB at a 20 mg/mL total combined donor:acceptor concentration. The solution was stirred at 80 °C for 1 
h, and stirred one minute at room temperature before being deposited on the substrate at 500 rpm for 
300 seconds. (Targeted layer thickness 100 nm)  
 
First, PEDOT:PSS was filtered with an 0.45 μm filter. Subsequently, the PEDOT:PSS is spin coated in air at 

3000 rpm for a 40 nm thick layer on top of the cleaned ITO substrates. For P3HT cells, the PEDOT:PSS layer 

is annealed at 120 °C for 5 minutes. After the PEDOT:PSS layer, the active layer was spin coated from the 

hot solution as described per polymer above inside the glove box. For P3HT cells, the active layer was 



 
60 

 

annealed at 110 °C for 30 minutes after spin coating. After spin coating, the active layer, PEDOT:PSS and 

ITO are scratched away using a knife. Inside the glove box, at a pressure of 3 x 10-7
 mbar, 1 nm LiF and 

100 nm Al electrodes were evaporated on top of the active layers. 

Substrates used for UV-VIS measurements were thoroughly cleaned by sonication in an acetone bath, 

aqueous sodium dodecyl sulphate solution, subsequently rinsing with deionized water and sonication in 

2-propanol, each procedure performed for 15 minutes. All substrates were then cleaned using UV/ozone 

for 30 minutes. The donor layer at the prescribed total concentration for that donor was then spin coated 

according to the protocol written above, inside a glovebox. For doped blends, Ag-TFSI was added in a 20% 

concentration to the donor solution. For ICBA absorption measurements, ICBA and TBAF were mixed in a 

3:1 and 1:1 mass ratio at a total concentration of 15 mg/mL. This layer was then spin coated on a substrate 

at 2000 rpm for 60s. (Targeted layer thickness 100 nm). 

A.3: Apparatus 

A ‘Veeco Dektak 150’ Surface Profiler was used for the determination of the layer thicknesses. 

All absorption spectra in this report were measured with a Perkin-Elmer Lambda 1050 spectrometer. 

Substrates were placed inside sealable rings inside a glove box for absorption measurements in a nitrogen-

atmosphere. A scan speed of 250 nm/min was used (with an integration time of 0.20 s) between 320 nm 

and 1800 nm. Data interval was 1 nm. 

Current-voltage characteristics of the prepared devices were measured with an in-house built setup 

equipped with a Keithley 2601B source-measurement unit. Measurements were carried out under a 

nitrogen-atmosphere in a glove box. Cells were illuminated with white-light from a tungsten-halogen lamp 

(~100 mW/cm2) filtered by a Schott GG385 UV filter and a Hoya HMC 80A 72 mm daylight filter, using a 

Delta Elektronika ES 030 power supply.  

The accurate short-circuit current density (Jsc) was determined from external quantum efficiency (EQE) 

measurements by convolution of the spectral response with the AM1.5G solar spectrum. EQE 

measurements were conducted under 1 sun operating conditions in a homebuilt setup consisting of a 

modulated monochromatic light, a preamplifier (Stanford Research Systems SR570) and a lock-in amplifier 

(Stanford Research Systems SR830). The modulated monochromatic light was generated by using an 

optical chopper from Stanford Research Systems (SR540), an Oriel Cornerstone 130 monochromator and 

a 50 W Osram 64610 tungsten-halogen lamp. The 1 sun conditions were provided by the use of a 730 nm 

LED at different intensities for bias illumination. A calibrated silicon cell was used as reference prior to the 

EQE measurements. 

Sub-bandgap EQE measurements were conducted using a homebuilt setup consisting of a modulated 

monochromatic light, a preamplifier (Stanford Research Systems SR570) and a lock-in amplifier (Stanford 

Research Systems SR830). The modulated monochromatic light was generated by using an optical chopper 

(Oriel Instruments 3502), a Newport CS260 monochromator and a 250 W Osram 64655 HLX tungsten-

halogen lamp. A convex lens was used to focus the light on the sample. Measurements were performed 

in a nitrogen-atmosphere. A calibrated silicon cell and InGaAs cell were used as reference. 
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A.4: Extra data 

400 500 600 700 800 900 1000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 a
bs

or
pt

io
n 

(-
)

wavelength (nm)

 PTB7-Th
 PDPP5T
 P3HT

 

Figure 32: Normalized absorption spectra of pure donor films.  
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Figure 33: Active layer thicknesses of the different ratio polymer:[60]PCBM blends. 
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Appendix B: Symbols and abbreviations 

B.1: Symbols 
c    Speed of light, 2.998 ∙ 108 m/s 

ΔGCT    Gibbs free energy for CT state transition (eV) 

e    Elemental charge (C) 

E    Energy (eV)  

ECT    Charge-transfer state energy (eV) 

Eg    Band-gap energy (eV) 

EHOMO    Highest occupied molecular orbital energy (eV) 

ELUMO    Lowest unoccupied molecular orbital energy (eV) 

EQE    External quantum efficiency (-) 

ηmax    Maximum cell efficiency (%) 

f    Scaling factor (-) 

FF    Fill factor (-) 

h    Planck’s constant, 6.626 ∙ 10-34 Js 

IQE    Internal quantum efficiency (-) 

J    Current density (mA/cm2) 

JSC    Short-circuit current density (mA/cm2) 

k    Boltzmann Constant, 1.38 ∙ 1023 J/K 

λ    Reorganization energy (eV) 

MPP    Maximum power point (mW/cm2-) 

Pincident    Power of the incident light (mW/cm2) 

Pmaximum    Maximum light power (mW/cm2) 

PCE    Power conversion efficiency (%) 

S(λ)    Spectral response (W/m3) 

T    Temperature (K) 

V    Voltage(V) 

VOC    Open-circuit voltage (V) 

 

B.2: Abbreviations 
[60]PCBM   [6,6]-phenyl-C61 butyric acid methyl ester 
[70]PCBM   [6,6]-phenyl-C71 butyric acid methyl ester 
A    Acceptor 
Ag-TFSI    Silver bis(trifluoromethanesulfonyl)imide 
AM 1.5G   Air mass 1.5 global 
AS    Autosense 
CT    Charge transfer 
CRT    Charge recombination to triplet 
DP    Drop-point 
EL    Electroluminescence 
ETL    Electron transport layer 
FF    Fill Factor 
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HOMO     Highest occupied molecular orbital 
HTL    Hole transport layer 
ICBA    1’,1’’,4’,4’’-tetrahydro-di[1,4]methanonaphthaleno[5,6]fullerene-C60 
ITO    Indium tin oxide 
LIA    Lock-in amplifier 
LUMO    Lowest unoccupied molecular orbital 
MPP    Maximum power point 
PA    Pre-amplifier 
P3HT     Poly(3-hexylthiophene-2,5-diyl) 
PCE    Power conversion efficiency 
PDPP5T    Poly[[2,5-bis(2-hexyldecyl)-2,3,5,6- tetrahydro-3,6-dioxopyrrolo[3,4- 

c]pyrrole-1,4-diyl](3‴,4′-dihexyl- [2,2′:5′,2″:5″:,2‴:5‴,2⁗-
quinquethiophene]-5,5⁗-diyl)]  

PEDOT:PSS   Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 
PET    Photoinduced electron transfer 
PTB7-Th Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-

b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-
b]thiophene-)-2-carboxylate-2-6-diyl)] 

TBAF Tetra-n-butylammonium fluoride 
UV Ultraviolet 
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