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ABSTRACT 

 

Efficiency-limiting processes in OPV bulk heterojunctions of GeNIDTBT 

and IDT-based acceptors 

Sarah M. Al-Saggaf 

 

The successful realization of highly efficient bulk heterojunction OPV devices 

requires the development of organic donor and acceptor materials with tailored 

properties. Recently, non-fullerene acceptors (NFAs) have emerged as an alternative 

to the ubiquitously used fullerene derivatives. NFAs showed a rapid increase in 

efficiencies, now exceeding a PCE of 13%. In my thesis research, I used two small 

molecule IDT-based acceptors, namely O-IDTBR and O-IDTBCN, in combination with 

a wide bandgap donor polymer, GeNIDT-BT, as active material in BHJ solar cells and 

investigated their photophysical characteristics. The polymer combined with O-

IDTBR as acceptor achieved a power conversion efficiency of only 2%, which is 

significantly lower than that obtained for the system of GeNIDT-BT: O-IDTBCN 

(5.3%). Using nano- to microsecond transient absorption spectroscopy, I investigated 

both systems and demonstrated that GeNIDT-BT:O-IDTBR exhibits more geminate 

recombination of interfacial charge-transfer states, leading to lower short circuit 

currents. Using time-delayed collection field experiments, I studied the field 

dependence of charge generation and its impact on the device fill factor. Overall, my 

results provide a qualitative understanding of the efficiency-limiting processes in 

both systems and their impact on device performance. 
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Chapter 1 

1. Introduction 

1.1 Introduction to Organic Solar Cells 

The use of environmentally friendly and abundant sources of energy has gained much 

of popularity in recent decades. With global energy demand expected to double 

within the next 50 years, engineers and other stakeholders in the energy sector have 

been keen to develop and utilize sustainable sources of energy. Additionally, fossil 

fuel reserves are gradually being depleted while their use is also causing the 

increased concentration of greenhouse gases and the resulting global warming 

effects. Photovoltaic (PV) technology has been identified as one of the most important 

sustainable energy technologies, as in principle the sun provides sufficient energy to 

cover the global energy demand entirely. In this regard, it is the fastest growing 

among all the renewable energy technologies [1]. The sustainability of any energy 

technology is concerned with the technology being environmentally friendly in 

addition to be renewable. PV technology involves the conversion of light (photons) 

into electricity through a series of energy conversion processes. 

Traditionally, inorganic materials such as crystalline silicon (Si) have been used to 

manufacture solar cells. Other semiconducting materials, such as gallium-arsenide 

(GaAs), cadmium-telluride (CdTe), and cadmium-indium-selenide (CIS), have also 

attracted attention as thin-film PV technologies. However, historically solar cells have 

not been fully utilized as renewable energy technology, to some extent due to their 

low power conversion efficiency, but mostly due to the high cost per watt of solar 
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energy. The power conversion efficiency of single junction solar cells varies from 8 to 

29%, depending on the semiconductor material used in the cell. According to Green 

et al., almost 26.7%, 22.3% efficiencies are gained using crystalline silicon solar cells 

and polycrystalline (multicrystalline) silicon solar cells, respectively [2]. In addition, 

thin film technologies, which utilize copper indium gallium selenide (CIGS) and 

cadmium telluride (CdTe) achieve an efficiency of almost 22%. Furthermore, 

efficiencies of up to 46% have been obtained in highly-optimized multi-junction solar 

cells under concentrated sunlight (Figure 1). Despite the introduction of government 

subsidies in many countries and the significant drop in the costs associated with 

silicon PV technologies in recent years, PV cells often continue to be more expensive 

and cannot compete with traditional grid electricity produced from fossil fuels in the 

market. These barriers must hence be overcome if the use of solar cells is to gain 

widespread importance as a source of renewable energy across the globe. In addition 

to diversifying the technology used the in production of PV solar cells using inorganic 

materials to lower their costs, new approaches involving the use of organic materials 

have been introduced in the recent years. Organic photovoltaic (OPV) cells are made 

of novel organic semiconductors including conjugated polymers and small organic 

molecules. 

Since their introduction into the electronics field in 1977, conjugated polymers have 

proven to be promising materials for the production of low-cost electronics and the 

manufacture of small PV cells. As a result, these materials have attracted intense 

attention in recent years, as they are mechanically flexible, thin, and can be solution 

processed. With the development of the solution-processed bulk heterojunction 
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(BHJ) concept, materials used in making the organic solar cells (OSCs) can now be 

printed on large areas with roll-to-roll techniques (similar to newspapers). The 

soluble organic materials can also be deposited through techniques such as spin-

coating, screen printing, inkjet printing, doctor blading, and spray deposition [3]. 

However, the roll-to-roll method significantly reduces the production costs, hence 

making it possible for the OPV modules to compete with established technologies. 

With the low temperatures required in these deposition techniques, it is also possible 

to fabricate devices on plastic substrates to produce flexible devices. Additionally, the 

fabricated devices are lighter and thus their portability is enhanced. The ability to 

tune the donor and acceptor materials via molecular design is yet another inherent 

characteristic that has resulted in OPVs gaining much attention recently.  

There are two key technologies that have garnered a significant level of attention 

amongst researchers, namely dye-sensitized solar cells and thin film organic solar 

cells. The former use organic dyes coated on a mesoporous electrode with high 

surface area to absorb light. Efficiencies of up to 11% have been achieved for dye-

sensitized solar cells, as shown in Figure 1. The main issue faced by these types of 

cells, however, is the limited reliability of the liquid electrolyte [4], which can be in 

part mitigated by using solid-state hole conductors such as spiro-MeOTAD, however, 

at the price of lower device efficiency. Thin film organic solar cells, in contrast, use 

solid-state organic semiconductors. The semiconductors in this case have their 

chemical and electrical properties tailored in numerous ways through modification 

of the chemical structures, namely the conjugated backbone and sidechains. Organics 

have great potential for light-weight, flexible devices fabricated with high-throughput 
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processes from low-cost materials in a variety of colors [4]. Despite the immense 

potential associated with organic thin film technology, it is important to note that the 

field is relatively young and fundamental research is still required. In this regard, the 

highest efficiencies attained so far are around 11.5% for the very best organic thin-

film cells. The materials of OSCs function as electron donors and acceptors. Fullerene 

derivatives, such as PC61BM and PC71BM, are the prevailing electron acceptor 

materials in OSCs, as they have yielded the highest power conversion efficiencies 

(PCEs) over time because of their high electron mobility, high electron affinity, and 

easy formation of an appropriate phase separation with many donor materials [5, 6, 

7, 8]. The highest efficiency (PCE) reported for these devices is now 11.7% for 

PffBT4T-C9C13:PC71BM [7]. Nevertheless, the widely used fullerene derivative 

acceptor PCBM restricts further development of the OSCs due to its weak absorption 

in the visible and near-infrared (NIR) spectral regions [9], limited tunability of 

electronic energy levels [10], and comparably high costs of purification [11]. Novel 

non-fullerene acceptors (NFAs) as an alternative to fullerene acceptors can overcome 

the above-mentioned disadvantages. In fact, NFAs are now outperforming 

conventional FAs and have remarkable advantages such as strong optical 

absorptivity, structural flexibility, low energy loss, easily adjustable energy levels, 

and superior blend morphological stability [12, 13, 14]. According to [15], NFAs can 

be classified into three groups, including rylene imide dyes, and indacenodithiophene 

(IDT)-based and diketopyrrolopyrrole (DPP)-based small molecule acceptors 

(SMAs). Based on the acceptor IEIC that was synthesized with IDT as the core unit by 

Zhan et al. [16], a novel non‐fullerene electron acceptor (ITIC) was explored [17]. ITIC 



18 
 
 

and its derivatives show great promise for the development of non-fullerene OSCs 

with high efficiency. He et al. reported high PCEs of 10.13% and 10.88% by using 

PTFB-O:ITIC and PTFB-O:ITIC-Th, respectively. The blend of PBDB-T:ITIC also 

demonstrated a high PCE of 11.21%, reported by Zhao et al [18]. Moreover, Hou et al. 

obtained PCEs of 12.05% and 13.1% with PBDB‐T:IT‐M (IT-M methyl-modified ITIC) 

and PBDB-TSF:IT-4F (IT-4F ITIC modified by fluorination), respectively [19, 20]. 

Today, the latest non-fullerene-based OSC efficiency record outperforms the best 

fullerene-based OSCs. 

 

 

Figure 1: Best research solar cell efficiencies reported by National Renewable Energy 

Laboratory (NREL). The flags along the right edge represent the most recent world 

record efficiencies obtained throughout the years for each technology including 

efficiencies of various organic solar cell approaches. “This plot is courtesy of the 

National Renewable Energy Laboratory, Golden, CO.” [21].  
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Photovoltaic cells work on the principle of photon-to-electron conversion. In this 

regard, there are four basic steps determining the working principle of OPV cells, 

namely exciton generation, exciton diffusion, exciton dissociation, and charge 

transport and collection at the electrodes [22]. Since organic materials have a lower 

dielectric constant and thus higher exciton binding energy than most inorganic 

materials, the resulting photovoltaic cells use different configurations. Unlike 

inorganic materials that exhibit exciton dissociation into carriers upon absorption of 

a photon at room temperature, organic materials do not show exciton dissociation at 

room temperature under normal conditions. The problem is overcome in OPVs 

through utilization of two different materials that exhibit different energetics in 

respect to their ability to donate or accept electrons after illumination by a photon. 

Charges are hence created through photo-induced electron transfer between the two 

components. 

The introduction of polymers as donors and non-fullerene molecules as acceptors has 

significantly improved the power conversion efficiency of OPVs by close to 1% [23, 

24]. Development of highly efficient OPV devices requires the selection and use of 

organic materials with tailored properties. Some of these materials include 

conjugated polymers and small molecule compounds that are suitable for use as 

electron donors, while fullerene and its derivatives has been shown to be very 

successful as electron acceptors [15]. With introduction of the bulk heterojunction 

concept, some of the limitations such as small exciton diffusion length in the donor 

and acceptor materials are overcome by blending the materials together. This assist 

in minimizing the distance that an exciton in the OPV must overcome to reach a 
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donor/accepter interface (the so called heterojunction). This structure is generally 

referred to as bulk heterojunction due to the inherent property of having the 

donor/acceptor heterojunctions intimately dispersed throughout the bulk of the 

photoactive layer. The use of this type of structure has been proven to result in the 

generation of higher photocurrents in comparison to devices that lack a mixed layer. 

Blending of complementary donor and acceptor materials in solution-processed bulk 

heterojunctions has also been shown to enhance photon absorption and carrier 

transport of the photoactive layer.  

1.2 Objectives and Thesis Structure 

The objective of this thesis is to provide a qualitative understanding of the efficiency-

limiting processes in two systems and their impact on device performance. For this 

purpose, I used two small molecule IDT-based acceptors, namely O-IDTBR and O-

IDTBCN, in combination with a wide bandgap donor polymer, GeNIDT-BT, as active 

material in BHJ solar cells and their photophysical characteristics. Overall, my results 

provide a qualitative understanding of the efficiency-limiting processes in both 

systems and their impact on device performance. The structure of this thesis is as 

follows: 

 The first chapter (1 Introduction) contains a brief introduction to organic solar 

cells and number of efficiency records of organic solar cells with non-fullerene 

acceptors. 

 Chapter two (2 Theoretical Framework) sets the basic concepts needed to 

understand this work, commencing with a basic overview of organic 
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semiconductors. Subsequently, the theoretical description of energy levels is 

demonstrated via a Jablonski diagram, followd by a discussion of the principle 

and photophysical process in BHJ OSC that are all essential concepts for 

results. 

 Chapter three (3 Experimental Methods) contains an outline of the employed 

experimental techniques, starting with the methods used for  

characterizing the performance of solar cell devices, steady state UV-vis and 

ellipsometry spectroscopies. It further contains a description of transient 

absorption spectroscopy at short and long delays, and time delayed collection 

field. I also contains the materials used in this work, solutions and samples 

preparation.  

 Chapter four (4 Results and Discussion) presents and discuss in detail all 

experimental. 

 Chapter five (5 Conclusions and Outlook) ends the thesis with a final 

conclusion of all experiments and results. 

 

 

.   
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Chapter 2 

2. Theoretical Framework 

2.1 Overview of Organic Semiconductors 

The term organic semiconductor indicates that: (i) the materials are carbon-based 

materials composed of chemically-bound carbon and hydrogen atoms often 

combined with several heteroatoms, i.e. non-carbon atoms such as oxygen, sulfur, 

etc., and (ii) they have semiconducting properties. The atomic number of carbon is six 

(Z=6) which indicates that the carbon atom has six electrons in its ground state. Two 

of the electrons occupy the 1s orbital, two occupy the 2s orbital, and the remaining 

two occupy two of the three 2px, 2py, and 2pz orbitals; i.e., the electron configuration 

of ground state carbon can be written as 1s2 2s2 2px1 2py1 with a total of four valence 

electrons. In this configuration carbon could only establish two covalent bonds. This 

configuration is typically not observed in organic molecules, in fact, what actually 

happens in organic molecules is a so-called hybridization of the 2s orbital with either 

one, two, or three p-orbitals and hence the carbon atom is able to make four covalent 

bonds and become chemically stable.  

Figure 2: Ethane (ethylene) formed with four hydrogen atoms and two sp2 

hybridized carbon atoms. σ-bonds are shown in light gray, the two different phases 

of a π-bond are indicated by black and white (adapted from [25] with permission).  
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As mentioned above, atomic carbon has four electrons placed on the outermost shell, 

and these electrons take part in chemical bonding interactions by a combination of 

orbitals between the carbon atom and a second carbon atom or any other atom, such 

as hydrogen. Consequently, various new hybrid orbitals are formed as a result of a 

linear combination of s- and p-orbitals. For instance, there can be mixing 

(hybridization) of the 2s orbital with the three 2p orbitals, or 2s with two of 2p 

orbitals, or the 2s orbital with only one of the 2p orbitals, resulting in sp3, sp2 or sp-

hybrid orbitals, respectively (Figure 2).  Hybridization leads to minimization of the 

energy of the molecule and results in stable compounds, because of the increased 

overlap of orbitals, and thus stronger binding in the bond of hybrid orbitals [26, 27]. 

The most common configuration in organic semiconductors is the sp2-hybridization 

that gives the carbon atom a trigonal planar structure, in which three equivalent sp2-

hybrid orbitals are arranged in the xy-plane at an angle of 120°, while the remaining 

non-hybridized 2pz orbital is perpendicular to that plane. Hence, when two carbon 

atoms are paired, strong σ-bonds are formed by overlapping sp2‐orbitals, while a 

weaker bond, namely a π-bond, is formed by overlapping pz‐orbitals. The electrons in 

σ-bonds are strongly localized (between the atoms) so they do not contribute to 

charge transport in the organic semiconductor, while the electrons in π-bonds can be 

strongly delocalized so they are more mobile and can contribute to charge transport. 

Therefore, the mobility of π-electrons is much higher than the mobility of σ-electrons. 

Electrons can move easily within the delocalized π-electron system and can jump 

from one molecule to another when overcoming a potential energy barrier 
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comparable to the ionization potential [28]. The energetic difference (band gap) 

between bonding and anti-bonding molecular orbitals, that is the π – π* energy 

difference is smaller than in the case of σ – σ* bonds, therefore π-bonds are weaker 

than σ-bonds. As each sp2-hybridized carbon atom in a molecule contributes one pz-

electron to the π-system, a chain of carbon atoms with alternating single bonds (i.e. 

only σ‐bonds) and double bonds (i.e. σ‐ and π‐bonds) is formed. This system of 

delocalized π-electrons along the chain is called a π-conjugated system (see Figure 

3).   

 

Figure 3: A chain of carbon atoms with alternating single and double bonds in which 

a conjugated polymer is based (upper figure). The conjugation leads to the formation 

of sp2 orbitals that arrange in a plane and form σ-bonds. Perpendicular to this plane 

the overlapping π-bonds result in delocalized electron wave functions above and 

below this plane which are responsible for the conductivity of the polymer. (The 

figure is adapted from [29]).    

 

Organic semiconductors can be widely classified into two groups: (i) low molecular 

weight compounds including small molecules, oligomers, dendrimers, dyes and 
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pigments, and (ii) high molecular weight compounds, that is, polymers [30]. Both 

groups have in common that they have conjugated π-electrons as part of their 

electronic structure [31]. Most optical and electronic properties of organic materials, 

such as absorption and emission of light (optical bandgap), charge generation and 

transport, are determined by the π-electron system [28].  

In organic solids, atoms in a molecule are bonded to each other by conjugated π-

bonds, while molecules are held together by weak van der Waal’s forces, which is the 

reason for the low stability of organic solids. Consequently, the electronic structure 

of organics is defined by the orbital molecular theory. In conjugated systems, the 

splitting of pz‐orbital into π and π* gives the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO), that are analog to the 

valence band and conduction band of inorganic semiconductors, respectively (Figure 

4). σ‐bonds are the ‘scaffold’ of the molecular structure [32]. The energy difference 

between the HOMO and the LUMO is referred to as band gap, and is determined by 

the degree of conjugation and the origin of the molecules’ absorption and emission in 

the visible, near-infrared and near-ultraviolet spectral region, making them 

appropriate for photovoltaic applications. Furthermore, any distortion in the 

electronic system implies the formation of quasi-particles, such as solitons, polarons, 

and excitons. The latter term represents a tightly-bound electron-hole pair localized 

on the same molecule, formed by excitation of the organic semiconductor, with a 

binding energy between 0.1–1.4 eV. Such localized and strongly bound excitons are 
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called Frenkel excitons, while delocalized excitons (as observed in inorganic 

semiconductors) are known as Mott-Wannier excitons [33].  

 

Figure 4: Illustration of bonding (π) and antibonding (π*) interactions between the 

HOMO/LUMO levels of an organic semiconductor. (Illustration reproduced from 

[34]).  

2.2 The Jablonski Energy Diagram 

According to Valeur and Brochon, a Jablonski diagram (JD) is an energy diagram 

showing energy on the vertical axis [35]. The diagram depicts the energy levels 

qualitatively and it can also be used to denote the levels schematically. The remainder 

of the diagram is arranged using columns, whereby each column shows a particular 

spin multiplicity for a given state. In some instances the diagrams divide the levels of 

energy of the same spin multiplicity into separate columns. Within the column, 

horizontal lines denote eigenstates of the specific molecule [36]. The limits of the 

electronic energy states are represented using bold horizontal lines with each state 

having multiple vibronic energy states. In most cases, only a proportion of the 

eigenstates is shown, because of the massive number of vibrational modes of the 

molecule. Furthermore, it is possible to subdivide every vibrational energy state into 
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rotational energy levels, although the archetypal Jablonski diagram omits such a high 

level of detail.  

In this diagram, the energy levels can be denoted in a quantitative way, though the 

majority of such drawings use schematic energy levels. The other parts of the 

Jablonski diagram appears in columns. The absorption of a photon of certain energy 

by the molecule represents the first transition process in many Jablonski diagrams, 

illustrated by the arrow pointing upwards. Relaxation of the molecule in an excited 

state then occurs [37]. In this case, a molecule can return to the ground state after it 

has absorbed energy in the form of electromagnetic radiation through several 

pathways. Note that the ground state is the statistically most probable energy state 

for chemical compounds at room temperature.  

Emission of photons, namely photoluminescence, is indicated by the red arrows in 

the JD. Fluorescence occurs from transitions between states of similar spin (such as 

S1 > S0). Phosphorescence, typically an emission at longer wavelengths, occurs when 

the spin state of the final and initial energy levels differ. Furthermore, there are also 

non-radiative deactivation processes depicted in the diagram: intersystem crossing 

(ISC), vibrational relaxation, and internal conversion (IC). In general, Jablonski 

diagrams are used to visualize the complex electronic processes in molecular 

compounds with strong electron-phonon coupling causing different spin states, such 

as singlet and triplet states. 
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Figure 5: The Jablonski diagram gives a summary of the photophysical processes 

triggered by the absorption (blue arrows) of a photon. Excited higher singlet states 

can relax via internal conversion (IC) and return to the ground state (S0) radiatively 

via fluorescence (red arrows) or can be converted to triplet states via intersystem 

crossing (ISC) and return to the ground state via phosphorescence (green arrows). 

Additionally, excited states can relax non-radiatively and energy distributed to the 

surrounding medium by vibrational relaxation. 

2.3 Operational Principles of Organic Solar Cells 

Several studies have investigated the diverse operational principles of organic bulk 

heterojunction solar cells; the main process being charge generation. Absorption is 

the key parameter in determining the maximum photocurrent in organic solar cells. 

Determination of the efficiency of absorption of an OPV device is based on matching 

the spectral response of the photoactive layer with the solar spectrum [38]. 

Consequently, low photocurrent production results from low absorption of light in 

the OSC’s photoactive layer. Yeh et al. further examined how charge dissociation and 

transport occurs in organic solar cells. They argue that the collection of charges 

requires dissociation of excitons at the interface between D–A [38]. This results from 
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differences in IP and EA between acceptor and donor molecules, creating energetic 

driving forces at the interface. At this point, the acceptance of electrons is believed to 

be happening by the material that has a higher EA, and the hole by the material that 

has lower IP. However, as a charge moves to the electrode, it is likely to recombine or 

get trapped in the interpenetrating organic material, which is often very disordered, 

leading to a decline in efficiency. 

The studies performed on this subject also indicate that frequently diffusion of 

excitons takes place before dissociation occurs. The findings indicate that the 

diffusion length of excitons is limited to 10 nm prior to their decay [39]. Photocurrent 

generation starts with exciton generation by the photon flux from the solar spectrum 

in the spectral region, absorbed by the active layer. Subsequently, diffusion of the 

resultant excitons to the donor-acceptor interface occurs. This step competes with 

exciton recombination. To give an example, the phase segregation between PCBM and 

P3HT in an annealed film leads to diffusion of excitons up to 10 ps after 

photoexcitation [40]. Previous studies have also addressed recombination, including 

geminate and non-geminate recombination. Geminate recombination follows photon 

absorption and the dissociation of the strongly Coulomb bound exciton through 

charge transfer from the donor to the acceptor and vice versa [41]. Here, a polaron 

pair is created, which is still considered coulombically bound. In general, geminate 

recombination implies both the hole and the electron decay to the ground state prior 

to their separation, which can result in charge generation varying with the applied 

voltage. Non-geminate recombination, in contrast, describes electron-hole 

recombination following full separation of the charges. Oppositely charged polarons 
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originating from different excitons encounter each other at the interface as they 

travel towards the electrodes [41]. Non-geminate recombination is expected to 

strongly depend on the applied voltage, because higher voltages lead to faster charge 

extraction and thus lower the density of charge carriers existing in the device. 

2.4 Bulk Heterojunction Solar Cells 

Mayer et al. describe the bulk heterojunction (BHJ) as the device architecture that has 

been the most successful for polymeric photovoltaics, since harvesting of the excitons 

is close to near-perfect [42]. This is possible through the creation of a highly 

interconnected architecture, where the formation of all excitons takes place near a 

heterojunction. Zhou et al. described BHJ solar cells with different recombination 

models, such as langevin, trap-assisted, via charge transfer states, and by direct 

recombination [43]. They found that all the models exhibit a strong reliance on the 

mobility of charge carrier, and that the distribution of recombination is identical 

across the active layer. Photophysical processes in BHJ OSCs, as shown in Figure 6, 

are described as: 

(1) Bounded electron-hole pair, frenkel exciton, generated by photoexcitation of the 

BHJ OSC. 

(2) This exciton diffuses through the materials toward the donor-acceptor interface 

within its lifetime in order to be separated. In this stage, ultrafast charge transfer 

(CT) of the electron of the donor to the acceptor material is formed at the interface 

(ultrafast means on a time scale of less than 100 femtoseconds). 
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(3) Exciton dissociated into spatial free charge, then the free charges diffuse through 

the BHJ layer. 

(4) They are collected by the electrodes which leads to photocurrent generation. 

(5) After early exciton generation (fs) it may recombine before diffusion.  

(6) If the CT states that generated at the material interface are not fully separated into 

free charges, they recombine geminately. The recombined electron and hole 

originate from the same precursor state. 

(7) Non-geminate recombination may occur when the separated charge carriers are 

transported to their electrodes between two polarons from different precursor 

states. 

 

                   

 

 

 

 

 

 

 

Figure 6: Photophysical processes exhibiting in BHJ organic solar cells [44].  
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Chapter 3 

3. Sample Preparations and Experimental Methods 

3.1 Materials and Device Layers 

3.1.1 Substrates 

Pre-patterned ITO coated glass substrates with a sheet resistance of 15 ohm/sq, and 

a size of 25.4×25.4×1.1mm were used to fabricate devices (see Figure 7). Indium Tin 

Oxide (ITO) is widely used for thin film solar cells due to its high optical transparency, 

low sheet resistance, stability, and adhesion improvements. This kind of material and 

substrates belong to the group of TCO (transparent conducting oxide) and conductive 

glasses. Indium tin oxide (ITO) is a solid solution of 90% indium oxide (In2O3) and 

10% tin oxide (SnO2) by weight [45]. The ITO layer acts as electron‐collecting 

electrode of the inverted BHJ OPV device. Quartz substrates, and Si substrates coated 

with SiO2 with various thicknesses were also used for spectroscopic measurements.  

 

Figure 7: ITO substrates with a size of 25.4×25.4×1.1mm for A) device performance 

determination and B) TDCF measurements. 
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3.1.2 Zinc Oxide (ZnO) 

Since ITO can be collecting either electrons or holes, ZnO is used to modify the polarity 

of ITO for efficient electron extraction and collection from the BHJ active layer. ZnO is 

an n-type metal oxide material that has a suitable work function [46], high electron 

mobility of 0.066 cm2 V-1 s-1 [47], Fermi level of 4.4 eV [48], wide band gap of 3.2 eV 

that makes it optically transmitting in the visible and near infrared region, and it is a 

good hole blocker. In order to facilitate electron collection from the active layer to the 

cathode, an interlayer of ZnO was deposited on top of ITO. So, this interlayer is the 

electron transporting layer (ETL) of the device. 

In this thesis, I prepared a composite solution of ZnO nanoparticles 2.5% 2- propanol 

(about 250µl) with 250µl of isopropanol. ZnO nanoparticles (NPs) exhibit high 

electron mobility and the Fermi level facilitates charge transfer besides good electron 

extraction. The solution can be used immediately after its preparation.  

3.1.3 Active Layer Materials    

In this work the electron donating material used is GeNIDT-BT, a conjugated polymer 

(macromolecule). McCulloch et al. designed semiconducting polymers based on the 

electron rich indacenodithiophene (IDT) unit to improve the performance of the 

semiconducting materials utilized in solar cells [49, 50, 51]. Then, Fie et al., prepared 

a low band gap polymer, PGeTPT-BT, a benzothiadiazole-containing co-polymer with 

Ge atoms and two branched ethylhexyl groups that ensure solubility and enhance 

crystallinity, resulting in increased charge carrier mobility [52]. GeNIDT-BT was then 

synthesized by replacing the phenyl ring of PGeTPT-BT with naphthalene to produce 
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a wide band gap polymer by Suzuki polymerization reaction. In this polymer, the 

heteroatom, Germanium (Ge), carries two branched ethylhexyl (EH) groups and 

bridges Naphthacenodithiophene (NIDT) copolymerized with an electron accepting 

benzothiadiazole (BT) unit (see Figure 8-C). GeNIDT-BT is a wide band gap polymer 

and exhibits an open circuit voltage of 0.81V and a power conversion efficiency of 

8.0% with PCBM.  

 

Figure 8: Materials used as electron donating and accepting material. (A) O-IDTBCN 

donor (B) O-IDTBR donor (c) GeNIDT-BT acceptor. 

 

The electron acceptors used here are IDT-based small molecule acceptors. In 2015, 

McCulloch and coworkers reported the small molecule non-fullerene acceptor FBR that 

when used with P3HT as donor gave PCEs of up to 4.1% [53]. However, the absorption 

of FBR overlaps with that of P3HT and the blend has morphological issues, so they 

developed another acceptor by replacing the fluorene core with an 

A) 

B) 

C) 
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indacenodithiophene (IDT) unit, resulting in a planar acceptor structure. Specifically, 

O-IDTBR consists of the core unit (IDT) and a BR unit as an end-capping group and (n-

octyl) as linear alkyl side-chains. Furthermore, O-IDTBCN was prepared with end-

capping CN groups. P3HT:O-IDTBR shows a PCE of 6.4%, which is the highest reported 

for fullerene-free P3HT solar cells [54]. 

3.1.4 Molybdenum Oxide (MoO3) 

Molybdenum Oxide (MoO3) is a p-type semiconducting transition metal oxide 

employed as anodic interlayer. This hole transporting (HTL) or electron blocking 

layer is important to avoid erosion of the active layer, since we are using silver as top 

electrode. MoO3 has a large band gap with a Fermi level at 5.3 eV, ensuring good 

optical transparency in the visible and near infrared spectral region when used as an 

anode, in turn allowing incident light to reach the organic photoactive layer. The first 

use of thermally-evaporated MoO3 as an anodic interlayer was demonstrated by 

Shrotriya et al. to replace PEDOT:PSS [55]. They reported that a too thin layer of MoO3 

leads to incomplete coverage and thus causes smaller Voc and an increased leakage of  

current, while a very thick layer of MoO3 increases the shunt resistance (Rs) and 

results in a smaller Jsc and FF [55]. 

3.1.5 Silver (Ag) 

Silver is a high work function and air-stable material which offers good ambient 

device stability. Silver is employed as the top electrode (anode), since it is a highly 

conductive metal, and it easily adheres to ITO, making the ITO surface smooth. It acts 

as a hole-collecting electrode.  
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3.1.6 Chlorobenzene (CB) 

Chlorobenzene is colorless and flammable liquid. It is used as a solvent for D/A 

materials. Chloroform is also used as a solvent. 

3.2 Solution Preparation 

In this work, the optimized ratio for the photoactive layer composition of 1:2 (D:A) 

by weight was used. The donor/acceptor materials were dissolved in chlorobenzene 

with a total solution concentration of 25mg/ml. All materials were used as received 

from Prof. McCulloch's group. Three solutions were prepared for spin‐coating of the 

active layer: 

A. Blend of GeNIDT-BT:O-IDTBR, specifically 5.21mg:10.33mg, dissolved in 

621µl of CB. 

B. Blend of GeNIDT-BT:O-IDTBCN, specifically 2.48mg: 5.13mg, dissolved in 

304µl of CB. 

C. Neat donor (GeNIDT-BT) polymer, specifically 1.06mg, dissolved in 100µl of 

CB.  

All mixtures were prepared in glass vials. Afterwards, the labeled vials were placed 

on a hot plate in a N2 filled glovebox, at 80℃ for 24 hours. Since the polymer is hardly 

soluble, the vials were placed on the hotplate at 100℃ for one hour before the 

temperature was reduced to 80℃ for 24 hours. The solutions were allowed to cool 

down to ambient temperature before the deposition of the film (see Figure 9). 
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Figure 9: Process of preparing the solutions of D:A blends. 

3.3 Cleaning of Substrates 

Cleaning all substrates and wafers from impurities, such as dust and oil, is the first 

important process prior to the deposition of the photoactive layers. Detergents and 

cleaning accessories must be clean, and marking the substrates with a diamond pen 

should be done before the cleaning process. Afterwards, three wet cleaning steps and 

one dry cleaning step were employed. First, substrates were cleaned by immersion in 

soap and subjected to ultrasonic bath for 15 minutes. The substrates were then 

cleaned with DI water to remove the soap. Next, they were cleaned sequentially with 
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acetone and isopropanol in an ultrasonic bath for 15 minutes. Then, the substrates 

were completely dried with nitrogen gas. Finally, the substrates were treated with UV 

ozone dry cleaning for 20 minutes in order to modify the work function of ITO and to 

remove any contaminants from the surface for better film quality. SiO2/Si substrates 

were cleaned with the same steps excluding the soap. 

3.4 Samples Preparation 

3.4.1 OPV Device Preparation 

Devices were prepared with GeNIDT-BT:O-IDTBR by using solution A for the active 

layer, and GeNIDT-BT:O-IDTBCN by using solution B for the active layer (see section 

3.2). 

After cleaning the substrates, a layer of ZnO nanoparticles (250µl of ZnO 

nanoparticles 2.5% 2- propanol + 250µl of isopropanol) was deposited by spin 

coating on top of the ITO transparent electrodes with a spinning speed of 5000 rpm 

for 30 seconds and thereafter dried on a hotplate at 200°C for 10 minutes. Left and 

right edges were wiped with DI water before drying. After applying the ZnO (NPs) 

layer, the samples were transferred to a nitrogen filled glovebox where the BHJ active 

layers of the two systems were spun cast with a spinning speed of 2000 rpm for 60 

seconds using a spin coater from Specialty Coating Systems (Model G3P-8). The left 

and right edges were scratched to remove the active layers from them. Subsequently, 

the GeNIDT-BT:O-IDTBCN film was annealed on a hotplate at 100°C for 10 minutes, 

while the GeNIDT-BT:O-IDTBR film was left to dry without any post-production 

treatment. Finally, both samples were transferred into a thermal evaporator and 
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layers of molybdenum oxide (MoO3) and silver (Ag) with a thickness of 6 nm and 100 

nm, respectively, were thermally evaporated on top of the active layer through a mask 

at a pressure of less than 2x10-6 Torr. 

 

Figure 10: Scheme of inverted bulk heterojunction organic solar cell (left) and photo 

of fabricated device (right) with ITO/ZnO (NPs)/active layer/MoO3/Ag. 

 

Table 1: Spin coating recipes of layers spun-cast onto ITO substrates, quartz 

substrates, and SiO2/Si substrates. 

Layer Solution 
Volume 

(µ𝐥) 

Spin Coating 
Speed (rmp) 

Spin Coating 
Time (sec) 

ZnO (NPs) 70 5000 30 

Active layer (devices) 55 2000 60 

Active layer (quartz) 55 1500 60 

Active layer (SiO2/Si 
wafers) 

45 2000 60 

GeNIDT-BT:O-IDTBCN 
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3.4.2 Spectroscopy samples 

The photoactive layers were spun cast on quartz substrates with a spinning speed of 

1500 rpm for 60 seconds. These samples were used for UV-Vis, TA, and oxidation 

measurements. 

The same solutions were spun cast (2000 rpm, 60 sec) on SiO2/Si substrates with 

oxide thicknesses of 25, 50, 75, 100 nm. These samples were used for ellipsometry 

and profilometer measurements. 

ITO coated glass substrates were used to prepare devices for TDCF measurements 

following the same spin coating recipe as used for devices. 

All samples were prepared inside a glovebox, and GeNIDT-BT:O-IDTBCN samples 

were annealed on a hotplate at 100°C for 10 minutes. 

 

Figure 11: Spin coating technique used to form the layers on the substrates (bottom). 

Example of GeNIDT-BT:O-IDTBCN blend film spun cast on quartz substrate (top).   

GeNIDT-BT:O-IDTBCN blend cast on quartz 
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3.5 Measurements and Techniques 

3.5.1 Device Characterization  

The devices of the two systems were characterized immediately after the fabrication 

to determine the performance of the solar cells by (i) current – voltage 

characterization and (ii) external quantum efficiency (EQE) measurements.   

3.5.1.1 Current – Voltage Characteristics 

The current‐voltage characteristic was recorded by illuminating the sample with a 

solar simulator in the glovebox and a Keithley 2400 source meter equipped with a 

computer software for recording the current flowing through the cells while 

sweeping the applied voltage from -1 to +1V. The testing of the device performance 

was performed under xenon arc lamp light with an intensity of 100 mW/cm2, which 

resembles the 1 sun illumination AM1.5G spectrum as closely as possible. The figures 

of merit, namely the short circuit current Jsc (V=0), the open circuit voltage Voc (J=0), 

the fill factor FF, and the power conversion efficiency PCE were determined from the 

J−V characteristics of the solar cells, (see Figure 12). 

The current density, FF, and PCE are defined as: 

J =
I

A
 , A= (1.1mm2)      Equation 1 

FF =
JMPP  VMPP 

Jsc Voc
      Equation 2 

 PCE =  
 Jsc Voc FF   

Pinput
      Equation 3 
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Figure 12: A plot shows the relation between the voltage (V) and current density (J). 

Figures of merit: short circuit current Jsc (V=0), open circuit voltage Voc (J=0), 

maximum power point MPP defined by VMMP and JMPP, and FF (see Equation 2). 

3.5.1.2 External Quantum Efficiency (EQE) 

The external quantum efficiency (EQE) was measured at short circuit in the glovebox 

using a Newport Merlin lock-in amplifier and a xenon arc lamp to irradiate the 

photoactive area of the device with monochromatic light. The fraction of extracted 

charge carriers per incident photon is determined by this technique, which is a 

measure of how efficiently incident photons of a given wavelength are converted into 

extractable charge carriers. The EQE spectrum can yield information about the 

contribution to charge generation of each component in the photoactive layer blend. 

3.5.2 UV-Visible-NIR Spectrophotometer  

Steady-state absorption spectra were recorded with a Cary 5000 UV-Visible-NIR 

spectrophotometer, which is capable of scanning the samples from 175 to 3300 nm.  
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Figure 13: Schematic principle of a typical double beam UV-Vis spectrophotometer 

(reproduced from [56]). 

 

As shown in Figure 13, light emitted from a deuterium UV lamp and quartz-iodide 

(QI) visible lamp is dispersed by a diffraction grating in combination with a slit 

(widths down to 0.01 nm). The monochromatic beam is then split in two equal parts, 

one that is guided to the sample and another that is used as a reference. The 

monochromator is basically a wavelength selector, which selects the desired 

wavelength from the ‘white light’ emitted by the source. The first probe beam passes 

through the sample and the light intensity I is measured, while the reference beam is 

guided through a blank substrate to give the light intensity I0. On the detection side, a 

photomultiplier tube and a PbS NIR detector is used to measure the amount of light 

that passes through the sample [57]. So basically, the ratio of the intensity of 

transmitted light, as a function of wavelength, with respect to the intensity of the 
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reference, is measured with absorption spectrophotometers [58]. The relation 

between absorbance (A) and transmittance (T) is given by: 

A = − log(T) = −log (
I

I0
)     Equation 4 

However, this apparatus and the software directly provide the absorption spectra 

(measured as absorbance) across the selected wavelength range (300-800nm in our 

case).   

3.5.3 Profilometer 

The thicknesses of the photoactive layers were measured with a Tencor stylus 

profiler surface measurement system with 150 mm scan length as standard [59]. It 

consists of a controlled moveable stage and a sharp needle (sensor) that moves across 

the sample’s surface to measure the surface profile. Typically, the measurement is 

performed across a scratch to obtain the film thickness. For the active layers of 

GeNIDT-BT:O-IDTBR and GeNIDT-BT:O-IDTBN, which were spun cast on SiO2/Si 

substrates, thicknesses of 87nm were recorded.   
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3.5.4 Ellipsometry 

Figure 14: Basic ellipsometer layout including light source, polarizer, sample 
holder, analyzer, detector, and computer software and display.  

 

Figure 14 shows the schematic principle of spectroscopic ellipsometry. A polarizer 

polarizes non-polarized light that is emitted from a light source. Afterwards, the 

polarized light that strikes the sample surface is reflected at oblique incidence and 

becomes elliptically polarized, inducing a change of polarization. Then it passes 

through a rotating analyzer and is collected by a detector. Thereby, its polarization 

state is analyzed. From the information of the reflected beam’s polarization state and 

the ellipsometer calibration parameters, the ellipsometric angles (ψ,Δ) are measured, 

and the optical properties of the sample are determined from the analysis of the 

polarization. Using EASE as software, a model can be constructed and the model’s 

parameters can be adjusted in order to fit the calculated ellipsometric data from the 

model to the ones obtained experimentally. 
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In this thesis the ellipsometer M-2000 DI and commercial software CompleteEASE 

from J.A. Woollam Company were employed for data collection and data analysis.  

The optical constants, namely the refractive index n (reflection) and extinction 

coefficient k (loss of energy due to the material) for the active layers were measured 

by variable angle spectroscopic ellipsometry (VASE). The measurements were done 

for both active layer systems, cast on SiO2/Si substrates with oxide thicknesses of 25, 

50, 75, 100nm. The incident light angles were varied from 45° to 75°, in 5° steps. The 

data obtained was then processed with the CompleteEASE software. First, the 

thicknesses of the net SiO2/Si layers (d1) were fitted and the obtained thicknesses 

(28.20, 60.76, 91, 113.17nm) were then used as fixed parameters in order to 

determine the thicknesses of the photoactive layers. Then, a model was constructed 

(for each system on each SiO2/Si substrates separately), to find the best match 

between the model and the experimental data. The constructed model consists of 

Si/fitted (d1) SiO2/Cauchy/B-Spline layer used to determine film thicknesses (d2) and 

optical constants (n,k). The transparent region (900-1800nm) was modeled by a 

“Cauchy” layer, where d2 and n were fitted. Then, the “Cauchy” layer was converted 

to a “B-Spline” layer. With the “B-Spline” model, the wavelength were expanded to the 

region of absorption (300-900nm), where d2 was kept constant, while n and k were 

fitted, which allowed n and k to be extracted. We considered the samples with the best 

match and the lowest Mean Squared Error (MSE), which quantifies the difference 

between experimental and modeled data. Also, d2 values were closer to the 

thicknesses observed with the profiler. The Cauchy equation describes the refractive 
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index n as a function of the wavelength, where the coefficients A, B and C can be 

determined by fitting. 

n(λ) = A +  
B

λ2  +  
C

λ4     Equation 5 

3.5.5 Transfer Matrix Calculations 

The transfer matrix method was used to simulate the maximum theoretical short 

circuit current JSC as a function of the photoactive layer thickness for the GeNIDT-

BT:O-IDTBR and GeNIDT-BT:O-IDTBCN blends, assuming 100% internal quantum 

efficiency (IQE). The transfer matrix code for these simulations was developed by 

George F. Burkhard and Eric T. Hoke [60] and is freely available for download. 

3.5.6  Oxidation Measurement 

We first prepared an oxidizing solution consisting of iron (III) chloride (FeCl3) and 

acetonitrile as a solvent; by adding 3mg of FeCl3 to 3000 µl acetonitrile (10:1000), 

referred to as M1. Then a volume of 10 µl from that mixture (M1) was added to 990 µl 

of acetonitrile. This gave a concentration of 10mg/µl. To oxidize the polymer film, the 

sample was dipped in the solution for 10 seconds and then instantaneously measured 

in the UV-Vis spectrophotometer. The absorbance was compared to the absorbance 

of the neat sample to investigate the difference between them. The concentration was 

increased several times by adding 10 µl of M1 to the same solution, as for low 

concentrations, no shift was seen. Using this approach, we can measure the polymer’s 

cation or anion absorption via oxidation/reduction reactions. The solution and 

oxidized sample were prepared in the glovebox to avoid exposure to and reaction 

with ambient air.  
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3.5.7 Transient Absorption Spectroscopy  

 

Figure 15: Scheme of a transient pump–probe experiment (adapted from [61, 62] 

with permission). 

 

Transient absorption pump-probe spectroscopy (TAS) is a powerful time-resolved 

technique used to observe the evolution of excited state populations, such as excitons 

and charges, and to monitor their generation and recombination. In principle, the 

ground state transmission spectrum of a sample is determined by illuminating the 

sample by a broadband light pulse, while a second broadband pulse probes the 

transmission spectrum of the excited sample, which is created by pumping the sample 

with a short laser pulse (see Figure 15). By varying the time delay between the 

excitation (pump) pulse and the second probe pulse, the transient evolution of the 

spectrum -due to the relaxation, transition and recombination processes of excited 

states- can be observed. 
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In this measurement, we are looking at the absorption of species that exist in the 

excited state, that are transient or very short-lived, and decay. Information about 

spectral and temporal properties can be obtained by using pulses (pulsed excitation) 

focused on the sample in order to generate excited states, while at a fixed delay time, 

a probe pulse creates snapshots of the transmission of the sample changed by the 

presence of excited states. Since the species in the excited state are very short-lived, 

a probe pulse with a very short duration has to be used to provide the required 

temporal resolution, while a broadband probe pulse provides the required spectral 

resolution.  

Our home-built pump probe spectroscopy can cover a time range from approximately 

20 femtoseconds to several hundred microseconds, where ultrafast processes 

occurring in the picosecond and femtosecond range. Two delay time ranges were 

used in this work, short delay (SD), namely 100 fs to 8 ns, and long delay (LD), namely 

1 ns to 100 μs. For both delays, "the output of titanium:sapphire amplifier (Coherent 

LEGEND DUO, 4.5 mJ, 3 kHz, 100 fs) was split into three beams (2 mJ, 1 mJ, and 1.5 

mJ). Two of them were used to separately pump two optical parametric amplifiers 

(OPA) (Light Conversion TOPAS Prime). The TOPAS 1 generates tunable pump pulses, 

while the TOPAS 2 generates signal (1300 nm) and idler (2000 nm) only. A fraction 

of the output signal of titanium:sapphire amplifier was focused into a c-cut 3 mm thick 

sapphire window, thereby generating a white-light supercontinuum from 500 to 

1600 nm" [63]. So, the probe pulse is a supercontinuum white-light, while the pump 

pulse is TOPAS 1 In the case of SD, and an actively Q-switched Nd:YVO4 laser 
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(INNOLAS picolo AOT) frequency-doubled for LD. The beam diameters are 

(0.71,0.56mm) (X,Y) for SD, and (3.7,4.4mm) (X,Y) for LD. The short pulse of white 

light was brought to a spatial overlap with the pump pulses, while they were focused 

on the sample which was kept under a dynamic vacuum of <10-5 mbar. For short 

delay, the donor film was pumped at 600nm (excitation wavelength) with three 

different pumping powers and times, 10, 20, 40μW for 4hrs, 30min, 10min, 

respectively. For long delay, samples were pumped at 532nm with five different 

pumping powers and times, 500, 250, 1000, 2000, 4000μW for 4hrs, overnight, 2hrs, 

25min, and 10min, respectively. Samples were probed with a repetition rate of 1.5 

kHz. The time evolution is obtained through varying the delay time between the 

probe and the pump pulses by delaying the white light probe pulse with a delay time 

td to be arrived to the sample after the pump pulse. See [63, 64] for an overview of 

our lab setups. 

A transient absorption spectrum at each time delay can be calculated by subtracting 

the ground state transmission of a sample from the transmission of the sample after 

excitation by a pump pulse.  

ΔT

T
 (λ, t) =  

Texc(λ,t) − TGS(λ)

TGS(λ)
      Equation 6 

The transmitted white light is diffracted in a spectrograph onto an array detector in 

order to resolve the whole spectral information. The extracted data was then 

processed and analyzed with a home-built fluence analyzer software and home-built 

Matlab scripts.  
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Figure 16: Typical signals found in transient absorption measurements: GSB: Ground 

State Bleach, SE: Stimulated Emission, PIA: Photoinduced absorption (right), and the 

processes corresponding to the signals (left). 

 

According to Figure 16, three different signals can be observed in transient 

absorption spectra:  

Ground state bleach (GSB): When an organic material absorbs a photon of a pump 

pulse, an excited state is populated, while the ground-state is depleted. Therefore, the 

ground-state absorption in the excited sample is less than that in the non-excited 

sample, leading to a higher transmission. Consequently, a positive (ΔT/T) signal in 

the wavelength region of the ground state absorption of the sample occurs. 

Stimulated emission (SE): In the wavelength region of the fluorescence, stimulated 

emission is observed as a positive (ΔT/T) signal. A photon from the probe pulse 

stimulates emission of another photon from the pool of fluorescent excited states, 

which thereby decay to the ground state. 
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Photoinduced absorption (PA): After generation by the pump pulse, the excited state 

can be promoted to an even higher-lying state by absorption of light from the probe 

pulse. Thus, a negative signal in the ΔT/T spectrum is observed in the wavelength 

region of excited-state absorption, typically at lower energies than the bleach and 

stimulated emission, often also in the NIR wavelength region. It can originate from 

different excited states, such as singlet excitons, charge transfer states, free charges, 

or triplets or any other species formed due to the interaction of the sample with the 

pump light. 

3.5.8 Time-Delayed Collection Field (TDCF)  

TDCF is an optical-pump electronic-probe technique, particularly employed to 

investigate the field-dependence of charge generation in solar cells. In principle, 

samples were illuminated by an optical laser pump pulse. Then, a pre-bias voltage Vpre 

was applied to the samples, which defines the internal electric field. After a delay time 

td, all remaining free carriers were extracted by a collection bias (Figure 17). The 

amount of charge carriers extracted during the pre-bias and after the delay time td 

are denoted as Qpre and Qcol, respectively. Qpre is directly influenced by the applied 

pre-bias, while Qcol is influenced by the collection bias (Figure 17).  The sum of them 

equals the total number of generated charges Qtot [65].  
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Figure 17: Top: Typical TDCF signal: First peak after laser excitation due to Vpre with 

corresponding integrated charge Qpre. After tdelay all remaining charges are extracted 

by Vcol and the corresponding integrated charge is denoted as Qcol. Bottom: Signal 

applied to sample. While the sample is kept at a constant pre-bias, Vpre, charges are 

generated by a picosecond laser pulse. After delay time, tdelay, a collection voltage Vcol 

is applied to the sample for charge extraction (plots adapted from [65]). 

 

Samples were measured under vacuum to avoid any degradation. Three TDCF 

measurements were performed for each sample: fluence sweep, delay sweep, and Vpre 

sweep. The devices were subjected to variable pre-biases (Vpre, between 0.78 and 0 

V) and a ns time delay before applying the collection bias. The transient photocurrent 

was integrated to determine the total amount of collected charges (Qtot). Excitation 

was performed at a wavelength of 532 nm and the pulse fluence used here was 0.05 

μJ cm-2. The laser pulse fluences were in the linear regime (0.05–0.9 μJ cm-2) of the 

photocurrent response to ensure negligible non-geminate recombination occurs 
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prior to extraction [66]. The pulse fluences used for the delay sweep were 1.3 and 0.1 

μJ cm-2. 
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Chapter 4 

4. Results and Discussions 

4.1 Steady-State Absorption Spectra 
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Figure 18: A) Steady-state UV–vis absorption spectra of a pristine GeNIDT-BT film 

(sky-blue line), O-IDTBR film (blue line), and absorption spectrum of a 1:2 (w/w) 

GeNIDT-BT:O-IDTBR blend film (red dashed curve). B) Steady-state UV–vis 

absorption spectra of a pristine GeNIDT-BT film (sky-blue line), O-IDTBCN film 

(purple line), and absorption spectrum of a 1:2 (w/w) GeNIDT-BT:O-IDTBCN blend 

film (pink dashed curve).  

 

The donor polymer GeNIDT-BT absorption spectrum shown in Figure 18, shows a 

broad and weakly structured absorption covering the wavelength region from 500 to 

750 nm and a considerably weaker absorption band at around 360 to 450 nm. Figure 

18-A compares the absorption spectra of the acceptor O-IDTBR and GeNIDT-BT:O-

IDTBR blend film. O-IDTBR shows a broad absorption ranging from 550 to 800 nm 

and weak absorption covering the wavelength region from 370 to 460 nm. The 

absorption maximum of O-IDTBR is at 733 nm, which is redshifted compared to the 

absorption maximum of GeNIDT-BT at around 647 nm. The absorption spectrum of a 

GeNIDT-BT:O-IDTBR blend film covers 500 to 780 nm, and a considerably weaker 

absorption the wavelength region from 370 to 450 nm, with a maximum absorption 

at 645 nm. 

The other system consists of the same donor polymer with O-IDTBCN. Figure 18-B 

shows the absorption spectra of O-IDTBCN and a GeNIDT-BT:O-IDTBCN blend film. 

O-IDTBCN exhibits a broad absorption band ranging from 600 to 850 nm peaking at 

760 nm. The absorption of the thin film blend GeNIDT-BT:O-IDTBCN is also broad and 

is present from 550 to 850 nm, peaking at 664 and 744 nm. 
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The blends spectra exhibit similar features (shape) as the pristine spectra, and both 

blends and acceptor films are redshifted compared to the donor. However, it is 

obvious from plot (B) that the absorption of O-IDTBCN is significantly stronger than 

the absorption of GeNIDT-BT for the film thicknesses investigated, while the 

absorption of O-IDTBR, plot (A), is weaker compared to the donor. In addition, both 

O-IDTBCN and O-IDTBR have a broad absorption, extending further into the spectral 

region of 800−1000 nm. Hence, both polymer:non-fullerene blends cover a 

considerable part of the solar spectrum from the UV to the NIR wavelength region, 

which is beneficial for solar energy conversion. Comparing the absorption spectrum 

of the two systems indicates that the absorption of GeNIDT-BT:O-IDTBR is stronger 

than the absorption of GeNIDT-BT:O-IDTBCN.  

Figure 19-A shows the absorption of GeNIDT-BT:O-IDTBR as spun and the annealed 

film. Comparing the two spectra shows that their absorption largely overlaps. Figure 

19-B compares the absorption spectra of annealed GeNIDT-BT:O-IDTBCN with non-

annealed films. The non-annealed GeNIDT-BT:O-IDTBCN film’s absorption is 

blueshifted compared to the annealed film. However, in this thesis we are comparing 

the non-annealed film of GeNIDT-BT:O-IDTBR with GeNIDT-BT:O-IDTBCN annealed 

film. 
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Figure 19: A) Steady-state UV–vis absorption spectra of a 1:2 (w/w) GeNIDT-BT:O-

IDTBR not annealed film (red dashed curve), and GeNIDT-BT:O-IDTBR annealed film 

(blue curve). B) Steady-state UV–vis absorption spectra of a 1:2 (w/w) GeNIDT-BT:O-

IDTBCN annealed film (pink dashed curve), and GeNIDT-BT:O-IDTBCN not annealed 

film (blue curve).  
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4.2 Photovoltaic Performance 

4.2.1 Current-Voltage Characteristics 
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Figure 20: J –V characteristics of devices using a 1:2 (w/w) GeNIDT-BT:O-IDTBR non-

annealed blend film (red curve) and a 1:2 (w/w) GeNIDT-BT:O-IDTBCN annealed 

blend film (pink curve) measured at an illumination of 100 mW cm−2. 

 

Figure 20 depicts the current density−voltage (J−V) characteristics of GeNIDT-BT:O-

IDTBR and annealed GeNIDT-BT:O-IDTBCN BHJ solar cells. In case of the GeNIDT-

BT:O-IDTBR system, a PCE of 2.0% was achieved with a 86 nm thick photoactive layer. 

The corresponding open circuit voltage (VOC) was 1.06 V, the short circuit current (JSC) 

was 4.30 mA cm−2, and the fill factor (FF) was 0.43. The photovoltaic performance of 

the annealed GeNIDT-BT:O-IDTBCN system was measured for an active layer 

thickness of 87 nm, yielding a PCE of 5.3 %, however, a lower VOC of 0.80 V, and a 
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higher JSC of 12.31 mA cm−2 and FF of 0.54 in comparison to the GeNIDT-BT:O-IDTBR 

material system, as shown in  

Table 2.  

 

 

Table 2: Figures of merit of a 1:2 (w/w) GeNIDT-BT:O-IDTBR non-annealed (as-cast) 

device and a 1:2 (w/w) GeNIDT-BT:O-IDTBCN annealed device. JMAX calculated by 

transfer matrix simulations. 

 

 

 

 

 

Photovoltaic Blends Jsc 
[mA/cm2 ] 

 

JMax 
[mA/cm2 ] 

Voc  
[V] 

FF PCE 
[%] 

EH-GeNIDTBT: OIDTBCN 
(annealed) 

12.31 20.88 0.80 0.54 5.3 

 
EH-GeNIDTBT: O-IDTBR 

(non-annealed) 

4.30 18.75 1.06 0.43 2.0 
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4.2.2 External Quantum Efficiency (EQE) 
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Figure 21: External quantum efficiency (EQE) spectrum of GeNIDT-BT:O-IDTBCN 

annealed device. 

 

The EQE spectrum of the system GeNIDT-BT:O-IDTBCN exhibits a maximum EQE of 

60% at 700 nm. The device shows a response from 400 nm to 850 nm.  
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4.3 Ellipsometry 
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Figure 22: Ellipsometry data acquired for A) GeNIDT-BT:O-IDTBR and B) GeNIDT-

BT:O-IDTBCN blends spun cast on SiO2/Si substrates. The data is fitted with a Cauchy 

model followed by a B-spline model, yielding the variation of the best-fitted refractive 

index n and extinction coefficient k with wavelength.  
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Figure 23: The variation of absorbance and extinction coefficient (k) as a function of 
wavelength of A) GeNIDT-BT:O-IDTBCN and B) GeNIDT-BT:O-IDTBR. 

 

Comparing the absorbance and extinction coefficient (k) spectra obtained by 

ellispometry shows that the k spectrum exhibits a similar shape as the absorbance 

spectra for the two systems. Figure 23-A shows the comparison for the system 

GeNIDT-BT:O-IDTBCN. Here the maxima of the k spectrum are slightly blueshifted 

compared to the absorbance spectrum. The extinction coefficient spectrum shows the 

same absorption bands as the UV-Vis absorbance spectrum in the same wavelength 

regions, however, a slightly stronger absorption in the region between 500-750 nm 

with a clear vibronic structure. On the other hand, Figure 23-B depicts the system 
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GeNIDT-BT:O-IDTBR where the maximum of the k spectrum is also blueshifted 

compared to the absorbance maximum, peaking at 620 nm.  

4.4 Transfer Matrix Calculation 
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Figure 24: Thickness dependence of the maximum short circuit current JMAX 

calculated by transfer matrix simulations for A) GeNIDT-BT:O-IDTBCN (d ≈ 87.36 

nm), and B) GeNIDT-BT:O-IDTBR (d ≈ 86.93 nm) devices. 

 

Figure 24 shows a comparison of the experimentally-measured Jsc with the maximum 

short circuit currents JMAX calculated by transfer matrix simulations (using n and k 

from ellipsometry measurement). The maximum short circuit current JMAX was 

estimated to 20.88 mA cm−2 for GeNIDT-BT:O-IDTBCN (1:2 w/w) with a photoactive 
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layer thickness of 87.36 nm, and 18.75 mA cm−2 for GeNIDT-BT:O-IDTBR (1:2 w/w) 

with a photoactive layer thickness of 86.93 nm. From the experimentally-measured 

JSC and the maximum theoretical JSC (see  

Table 2), the amount of loss of photocurrent is about 59% and 23% for the systems 

of GeNIDT-BT:O-IDTBCN and GeNIDT-BT:O-IDTBR, respectively.  

However, up to here it is unclear where in the cascade of processes this loss occurs 

and thus we turned to transient pump-probe spectroscopy to study carrier loss 

processes. 
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4.5 Short Delay (ps-ns) Transient Absorption Spectra of Pristine 

Materials 
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Figure 25: Picosecond−nanosecond TA spectra (SD) of GeNIDT-BT after excitation at 

600 nm. 

 

The TA spectra of a neat GeNIDT-BT thin film are shown in Figure 25. The spectra 

were observed at different delay times ranging from picoseconds to nanoseconds 

after excitation at 600 nm with a pulse energy of 28 nJ; here, six selected spectra are 

shown in Figure 25.  The broad positive spectral region from 1.6 eV to 2.5 eV 

corresponds to the ground state bleach (GSB) of the donor, since it matches the 

steady-state absorption of the polymer film as obtained from UV-Vis absorbance 

measurements. In the NIR spectral region, the negative photo-induced absorption 

(PIA) band observed in the spectral region from 0.8 eV to 1.2 eV is assigned to exciton-

induced absorption (PAEX). The PAEX originates from the singlet excitons created in 
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the pristine polymer film after photoexcitation at 600 nm. Between  1 to 45 ps delay 

times, the peak position of the photo-induced absorption (PIA) remains at probe 

photon energies around 0.9 eV, while the peak position of the PIA between 100 ps to 

1.5 ns delay times shift to higher probe photon energies around 1.04 eV, indicating 

triplet formation by intersystem crossing in the neat polymer film (see Figure 5).  
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Figure 26: Picosecond −nanosecond TA spectra (SD) of O-IDTBR. 

Figure 26 depicts four selected spectra at picosecond delay times. The probe photon 

energy region from 1.5 eV to 2.2 eV shows the positive spectra of the GSB that is in 

the region of O-IDTBR ground state absorption (see Figure 18-A). The broad spectra 

from 1 eV to 1.35 eV correspond to the negative signal of photo-induced absorption 

(PIA). The vibronic structure of this band displays two peaks at ps delay times at 

probe photon energies around 1.09 eV and 1.2 eV. No clear indication of triplet 

formation is observed in the case of O-IDTBR. 
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Figure 27: Picosecond −nanosecond TA spectra (SD) of O-IDTBCN at excitation 

wavelength of 532 nm. 

The TA spectra of O-IDTBCN observed at different delay times ranging from 

picoseconds to nanoseconds after excitation with a pulse energy of 83 nJ are shown 

for four selected delays in Figure 27. The ground state bleach exhibits a vibronic peak 

structure and can be seen as a positive signal in the spectral range from1.44 eV to 2 

eV, which is in the region of the absorption of O-IDTBCN (see Figure 18). Below the 

zero crossing, a photoinduced absorption (PIA) is seen as negative signal peaking at 

around 1.2 eV. 
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4.6 Long Delay (ns-μs) Transient Absorption Spectra of Blends 
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Figure 28: Nanosecond − microsecond TA spectra of GeNIDT-BT:O-IDTBCN annealed 

film in both the visible (500–800 nm) and NIR (900–11653 nm) probe region after 

excitation at 532 nm. 

 

Figure 28 depicts long delay (ns-μs) transient absorption pump-probe spectra of 

GeNIDT-BT:O-IDTBCN annealed film that was excited at 532 nm with sub-

nanosecond laser pulses in the range of absorption of both D and A as shown in 

Figure 19.The TA spectra of the long delay measurement show a positive signal at 

short wavelength (551 nm) up to 775 nm (1.6 to 2.2 eV), which we assigned to the 

GSB due to its correspondence to the GSB spectra of neat GeNIDT-BT as observed at 

short delay time. The signal in the spectral range of 1.4 −1.55 eV is in the spectral 

region affected by the optical filters used to attenuate the probe beam spectrum in 

this region. An isosbestic point is observed at 905 nm (1.37 eV) indicating only singlet 

excited species are present. Below the zero crossing a PIA band with a negative signal 
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in the NIR wavelength region up to 1600 nm is observed, peaking at 1.03 eV. We 

assigned this signal to charge-induced absorption (PAC) by comparing it to the 

absorption spectrum obtained on a GeNIDT-BT film after oxidation with FeCl3 

solution (see Figure 29). In fact, the spectrum of the oxidized polymer film and the 

PA band of the GeNIDT-BT cation absorption show similar shape and spectral 

position. However, the features of PA and GSB are long-lived and vanished only at 1 

μs. 
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Figure 29: Steady-state differential transmission spectra of oxidized GeNIDT-BT thin 

film (top) and selected spectra of long delay (ns-μs) transient absorption pump-probe 

experiments on GeNIDT-BT:O-IDTBCN (bottom). Note that the oxidized polymer 

differential transmission is redshifted compared to the blend due to the TA spectral 

calibration. 
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Figure 30: Nanosecond − microsecond TA spectra of GeNIDT-BT:O-IDTBR blend film 

after excitation at 532 nm. 

 

Similarly, the same measurement was performed on a GeNIDT-BT:O-IDTBR blend 

film. Here, a positive signal at short wavelength (496 nm) up to 775 nm (1.6 to 2.5 eV) 

is observed, which we assigned to the GSB due to its correspondence to the GSB 

spectra of neat GeNIDT-BT, observed at short delay time. The signal in the spectral 

range of 1.3 −1.55 eV is the spectral region affected by the optical filters used to 

reduce the probe beam intensity in this region. An isosbestic point is observed at 1.5 

eV where the signal equals zero.  Below the zero crossing, a PA band is observed in 

the NIR wavelength region up to 1600 nm peaking at 1.03 eV. We assigned this signal 

to charge-induced absorption (PAC), as observed from a GeNIDT-BT film after 

oxidation with FeCl3 (see Figure 31). The spectrum of the oxidized polymer film and 

the PA band of the GeNIDT-BT cation show similar shape and spectral position with 
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differences due to the spectral calibration in the TA experiment. The signal vanished 

after 1 μs. 
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Figure 31: Steady-state differential transmission spectra of oxidized GeNIDT-BT thin 

film (bottom) and selected spectra of long delay (ns-μs) transient absorption pump-

probe experiments on GeNIDT-BT:O-IDTBR (top). Note that the oxidized polymer is 

slightly redshifted compared to the blend due to the TA spectral calibration. 
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4.7 Calculation of Fluences 

To calculate the pump beam fluences we first calculated the area of the pump beam 

spot and the laser pulse energy from the laser power and laser repetition rate (See 

Table 3).   

 Area = 
A

2
×

B

2
× π       Equation 7  

A and B are beam diameters 

Reptition Rate (s)= 1/ Reptition Rate (Hz)    Equation 8 

Fluence (
µJ

cm2) =
Laser Pulse Energy  (µJ)

Effective Focal Spot Area (cm2)
 

                          =  
Laser Peak Power (µW) ×Reptition Rate (s) 

(
A

2
×

B

2
×π) (cm2)

   Equation 9  

 

Laser Peak Power 

(𝛍𝐖) 

Fluence 

(
µ𝐉

𝐜𝐦𝟐
) 

250 1.30479 

500 2.60959 

1000 5.21917 

2000 10.43835 

4000 20.8767 

 

Table 3: Calculated fluences for GeNIDT-BT:O-IDTBR and GeNIDT-BT:O-IDTBCN 

blends for all laser powers used in TA experiments.  
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4.8 Transient Absorption Dynamics of Blends 
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Figure 32: Charge carrier kinetics in GeNIDT-BT:O-IDTBCN annealed films at 

different fluences (dots) observed at probe photon energy regions of A) 0.85 – 1.2 eV 

and B) 1.65 – 1.9 eV. 

 

The fluence dependence of the charge carrier kinetics are extracted at the respective 

bands (regions) as shown in Figure 32 in order to observe the charge carrier 
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recombination within a series of fluences (see Table 3). In Figure 32-A and B, two 

different regions, namely PA from 0.85-1.2 eV and GSB from 1.65-1.9 eV were 

investigated. The same regions were also investigated for the system GeNIDT-BT:O-

IDTBR (Figure 33). We observed that in the system GeNIDT-BT:O-IDTBCN the carrier 

recombination dynamics is fluence dependent, indicating non-geminate 

recombination of free charge carriers within the ns-μs time range. Here, spatially-

separated charges encounter at the interface during transport to the electrodes. 

However, the charges that undergo non-geminate recombination can be extracted as 

photocurrent from a device. In contrast, the system GeNIDT-BT:O-IDTBR shows 

significantly more geminate recombination within the same time scale. In fact, in the 

region of the charge induced absorption from 0.85-1.2 eV, geminate recombination 

clearly dominates at early time (ns), followed by non-geminate recombination on the 

microsecond time scale. The same is observed for the spectral region from 1.65-1.9 

eV on the ns-μs time range. This recombination competes with the dissociation of the 

coulombically bound electron and hole pair at the donor–acceptor heterojunction 

interface and thus reduces the photocurrent in a device. 
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Figure 33: Charge carrier kinetics in a GeNIDT-BT:O-IDTBR film at different fluences 

(dots) observed at probe photon energy regions of A) 0.85 – 1.2 eV and B) 1.65 – 1.9 

eV. 
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4.9 Time Delayed Collection Field Experiments  
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Figure 34: Total extracted charge (Qtot) as a function of pre-bias (Vpre) measured by 

time delayed collection field (TDCF) experiments with a ns delay time between 

excitation and extraction at a very low laser fluence of 0.05 μJ cm-2 for (A) GeNIDT-

BT:O-IDTBR and (B) GeNIDT-BT:O-IDTBCN annealed device. 
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The TDCF measurement of GeNIDT-BT:O-IDTBCN shows a very weak field 

dependence of charge generation, i.e. the carrier yield does not change significantly 

with applied voltage. This is clear from Figure 34-B: the total charge extracted as a 

function of the pre-bias is almost constant and depends little on the pre-bias applied. 

In contrast, the system GeNIDT-BT:O-IDTBR shows obvious charges, when the 

applied pre-bias is increased, indicating that in this system the carrier yield depends 

on the pre-bias.  

  



79 
 
 

Chapter 5 

5. Conclusions and Outlook 

5.1 Conclusions 

In this work, GeNIDT-BT was used as a wide bandgap donor polymer blended with two 

different NF IDT-based acceptors in bulk heterojunction solar cell devices. The acceptors 

differ in their chemical structure, specifically by different end-capping groups: the BR unit 

in O-IDTBR and the dicyano-vinylene unit in O-IDTBCN. The device performance of BHJ 

solar cells built with GeNIDT-BT:O-IDTBR was found to be around 2.0%, while for the 

system GeNIDT-BT:O-IDTBCN a PCE of 5.3% could be achieved caused by different VOC, 

JSC, and FF of the devices. Using UV−vis absorption spectroscopy, I showed that the 

absorption of GeNIDT-BT:O-IDTBR blends is stronger than the absorption of GeNIDT-

BT:O-IDTBCN blends. Both, O-IDTBCN and O-IDTBR exhibit a broad absorption, 

extending into the NIR spectral region. Optical constants obtained from ellipsometry 

experiments were used as input to transfer matrix simulations in order to calculate 

the maximum possible photocurrent JMAX. The amount of photocurrent loss, that is the 

difference between the experimentally-measured JSC and the maximum theoretical 

current JMAX, was found to be 59% for GeNIDT-BT:O-IDTBCN and 23% for GeNIDT-

BT:O-IDTBR. To understand the reasons for this, transient absorption pump-probe 

spectroscopy was utilized to study the charge carrier loss processes, showing that 

more geminate recombination is present in the case of O-IDTBR, while non-geminate 

recombination is the main carrier recombination channel in GeNIDT-BT:O-IDTBCN, 

in line with the difference in short circuit currents. While a higher Voc value of 1.06 V 
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for the O-IDTBR blend was observed compared to 0.8 V for O-IDTBCN, a higher Jsc 

value of 12.31 mA cm−2 was found for the O-IDTBCN blend, as a result of less geminate 

recombination of charge carriers in the latter. Finally, TDCF measurements on 

GeNIDT-BT:O-IDTBCN samples indicated an extremely weak field dependence of 

charge generation in clear contrast to the system GeNIDT-BT:O-IDTBR, which showed 

a stronger field dependence of charge generation in line with a lower fill factor. 

Overall, the spectroscopic results explain well the differences in device performance. 

5.2 Outlook – Next Steps  

Determination of Exciton lifetime. From the TA kinetics of the neat polymer film, 

GeNIDT-BT, the exciton lifetime will be determined and compared to the PL lifetime 

obtained from time-resolved PL experiments.  

Verify linearity of fluence dependence of charge-induced absorption. It remains 

to be checked in which pump fluence region the TA signal scales linearly (slope = 1) 

with the pump fluence and for which fluences the dependence becomes non-linear 

(slope <1), indicating higher order processes such as exciton annihilation start to play 

a role in the dynamics.  

Fitting of the charge carrier dynamics by two-pool model.  The fluence dependent 

recombination dynamics determined from experimental TA data will be fitted to a 

two-pool model to extract the recombination parameters and fraction of geminate vs. 

non-geminate charge recombination. To do so, the initial carrier densities, namely N0, 

in the TA experiments have to be determined first. TDCF measurements will be used 

to determine the total carrier concentration for fluences similar to those used in the 
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TA experiments. This will allow determination of the charge-induced cross section, 

which in turn can be used to determine the carrier concentration for any fluence used 

in the TA experiments. Afterwards, the charge carrier dynamics on the ns-µs 

timescale can be fitted by the two-pool model across all measured fluences. This 

model is based on concomitant fluence-independent geminate recombination and 

fluence-dependent non-geminate recombination channels without conversion of 

charges between the two pools. 

Simulation of device JV characteristics. The device JV-curves will be simulated 

using optical and carrier drift-diffusion models that take into account the optical and 

electrical properties of the devices. As input, the optical parameters determined from 

ellipsometry experiments and charge recombination parameters determined from 

TA experiments will be used. The simulation results will be compared to the 

experimentally-determined current‐voltage characteristics. This allows to evaluate 

whether the spectroscopically determined parameters can describe adequately the 

device physics present under one sun illumination. Simulations will be performed 

with the commercially available software tool Setfos (Fluxim AG, Switzerland). 

Impact of acceptor structure on device performance. Beyond the end groups 

studied in this work, namely BR and CN, new acceptor structures and end groups will 

be studied based on the IDT structural motif with (n-octyl) alkyl side chains using the 

same polymer as electron donor. 
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APPENDIX 
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Figure 35: Kinetics spectra of the polymer in three different regions. 
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Figure 36: Spectra at four different fluences of GeNIDT-BT:O-IDTBCN (top) and 

GeNIDT-BT:O-IDTBR (bottom). 


