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ABSTRACT 

Photophysics of Organic Molecular Systems - A Study of Excited State Dynamics 

Ahmed Hesham Balawi 

 

This thesis is dedicated to studies of the excited-state dynamics in organic molecular 

systems for solar energy conversion by employing time-resolved experimental techniques. 

Organic photovoltaic (OPV) devices have received significant attention in the past decade 

and reaching record high power conversion efficiencies (PCE) above 17%. An essential 

step towards reaching the predicted PCE limit of 25.5% is to develop a comprehensive 

picture of the photophysical processes, specifically the loss processes, in OPV devices. It 

is the aim of this thesis to investigate and understand the fate of excited-states in organic 

electron donor/acceptor systems by ultrafast spectroscopic techniques, specifically, to 

reveal the interplay between energy and charge transfer processes.  

The first part deals with the identification of different polymorphs in a 

diketopyrrolopyrrole-based (DPP) polymer. Applying time-resolved photoluminescence 

(TRPL) measurements to the polymer dissolved in different solvent mixtures and using 

multivariate curve resolution (MCR) to deconvolute the ground-state absorption spectra 

reveals the co-existence of an amorphous (α) and two semi-crystalline (β1 and β2) polymer 

phases. The OPV device performance is shown to increase by the additional absorption of 

the β2 phase.  
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The second part compares the efficiency of direct and energy transfer-mediated charge 

generation in prototypical donor-acceptor dyads that use as the electron donor triangulene 

derivatives chemically linked to the electron acceptor perylenediimide (PDI) block via 

oligophenylene spacers of different lengths. Charge generation efficiencies are found to be 

similar and increase with the donor-acceptor spatial separation. A combination of transient 

absorption (TA) measurements and computation of the dyad’s excited-state landscape 

revealed the presence of “optically-dark” excited-states that are populated by ultrafast 

donor-acceptor energy transfer prior to hole (back)transfer.    

The last part of the dissertation uses TRPL, TA, and time-delayed collection field (TDCF) 

measurements alongside MCR analysis to provide a comprehensive analysis of the yield 

of individual photophysical processes in OPV devices. A systematic methodology is 

proposed and tested on two all-polymer BHJ devices used as model systems. The 

experimental findings are supported by successful simulation of the solar cells’ JV 

characteristics using the spectroscopically-determined kinetic parameters. More generally, 

this approach can be used to quantify efficiency-limiting processes in other donor-acceptor 

BHJs. 
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Chapter 1: Introduction 

Humans have been evolving for millions of years and this evolutionary journey is 

accompanied by the development of tools. The first evidence of stone tools dates back to 

2 million years ago by the Homo habilis species.[1] Over the next million years, the cranial 

nerves rapidly evolved increasing the size of a human brain and enabling Homo erectus 

species to use fire and complex tools for the first time.[2] Flash-forward to the era of 

industrial revolution, humans started employing fossil fuels (Petroleum, coal and natural 

gas) as the main source of energy, which seemed like the ideal source to keep up with the 

accelerated advancement of social civilization and human lifestyle. These advancements 

were accompanied by an exponential growth of human population and that is closely 

associated with the demand for more sources of energy. Statistics show that human 

population is expected to reach 10 billion by the year of 2050 which requires 49,000 TWh 

of energy generation (see Figure 1).[3, 4] However, the limited resources of fossil fuels 

and their negative impact on the environment (global warming) calls for the 

implementation of renewable energy technologies to provide this gigantic energy demand.  
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Figure 1: a) Global population size and growth rate. Source is from reference [3]. b) Global power 

generation growth breakdown with emphasis on the share of renewables. Source from reference [4]. 

Over the past few years, renewable energy technologies have undergone dramatic price 

reduction due to the massive movement of perusing low-carbon energy sources. As a result, 

the rate of carbon dioxide (CO2) emission is flattened to a 0.2% rise in 2016 in comparison 

to 2.2% growth over the past decade.[5, 6] By 2015, renewable energy comprised 19.3% 

of the global energy consumption.[7] One might think the recent decline in oil and natural 

gas prices might challenge renewable energy, however, over 50 countries are dedicated to 

gradually eliminate subsidies for fossil fuels by 2016, and Saudi Arabia is one of them.[8] 

As matter of fact, Saudi Arabia is reforming subsidies for renewables, which is in line with 

the country’s 2030 vision. The country is presently lacking in the sector of renewable 

energy, however, the target is to kick start by establishing 9.5 gigawatts of renewable 

energy which gives current and new evolving renewable energy technologies a great 
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potential for growth.[9] Here, a question arises “What is the incentive of using organic 

photovoltaics (OPV) and investing into developing this technology?”         

Crystalline silicon solar cells along with other inorganic thin film technologies are 

categorized as first and second generation solar cells, respectively. These technologies are 

currently dominating the solar market by means of their impressive performances and 

durability with power conversion efficiencies (PCE) of almost 29%.[10] However, their 

efficiencies were not as remarkable when initially developed. As matter of fact, the device 

efficiency of the state-of-the-art silicon solar cell was 6% back in 1953, when it was 

developed by Pearson, Chapin and Fuller at the Bell laboratory.[11] Soon enough, slow 

but gradual technological improvements took place and these technologies entered the 

market as niche products in the space industry before entering the international solar 

electric commercialization. Turning our attention to organic solar cells, which are classified 

under the umbrella of third generation solar cells, this technology is relatively new and has 

shown a remarkable progress in the past two decades. The most efficient OPV cell dating 

back to the early 1980s had an efficiency of 1%, but quickly gained tremendous attention 

enabling a rapid increase to 5% in 2007, which recently exceeded 15%.[12-15] Figure 2 

showcases the rapid improvement of OPV performance in comparison to other single 

junction solar cell technologies. While the records are impressive, device performance is 

not the only criteria for commercial viability of a solar cell technology. In fact, device 

lifetime and other factors must be taken into account when calculating what is known as 

the levelized cost of electricity (LCOE) of a technology. Mulligan et al.[16] showed that 
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in order to compete with fossil fuels prices, OPV modules must have efficiencies of about 

10% and a module lifetime of at least 2 years. With the current rate of progress, now 

reaching efficiencies comparable to first and second generation solar cells, entering the 

market in the next decade should not be exceptionally challenging.   

 

Figure 2: Improvement of research scale solar cell efficiency for single-junction technologies. Values on 

the right axis represent the most recent record efficiencies. The plot is adopted from the National 

Renewable Energy Laboratory.[17]  

A major advantage of organic solar cells compared to their inorganic counterparts is the 

relatively high absorption coefficient (~105 cm-1) of organic materials, which is three orders 

of magnitude higher compared to silicon. This counterbalances the poor charge-carrier 

mobility of organic materials, as thin-film devices with photoactive layer thicknesses 

below 100 nm can be manufactured.[18] The high absorption coefficient alongside the 

possibility of solution processing by roll-to-roll printing gives rise to potentially 
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manufacture modules at low-cost.[19] Another advantage is the freedom to tune the 

absorption spectrum allowing organic solar cells to be semitransparent.[20] Organic solar 

cells can also be flexible and the combination of flexibility and semitransparency enables 

them to prosper in niche applications such as building-integrated photovoltaics 

(BIPV).[21]  

A key approach to improve the performance of organic solar cells is to develop new 

materials that absorb and harvest a larger fraction of the incident photons. This route has 

been pursued for a long time for the electron-donor component of the photoactive layer, 

while fullerenes and their derivatives (PC61BM or PC71BM) were kept as the dominant 

electron-acceptor. However, attention has recently been shifting towards exploring non-

fullerene electron-acceptors for several reasons. A main reason is the weak absorption of 

fullerenes in the visible spectral region. Hence, increasing the absorption of the electron-

acceptor to complement the absorption of the electron-donor could boost the performance 

as long as the absorbed photons are utilized for charge generation. Another advantage of 

non-fullerene acceptors is the freedom to tune the band gap and energy levels to maximize 

harvesting of photons and generation of free charges. An additional motive to explore non-

fullerenes acceptors is the prospect of synthetic ease and scalability, which expectantly 

translates into cheaper organic solar cells. Up to date, non-fullerene acceptor-based organic 

solar cells were able to surpass the fullerene-based cells by employing small molecule 

electron acceptors as reported, for instance, by Cui et al.[14], while polymer-based electron 
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acceptors are still exhibiting inferior performance compared to the ubiquitous fullerene 

acceptors with an efficiency of about 10%.[22] 

The aim of this thesis is to enhance our understanding of the photophysics of organic 

photovoltaics, highlighting the important contribution (ultrafast) spectroscopic techniques 

can deliver. In fact, time-resolved photoluminescence, transient absorption, and time-

delayed collection field experiments are powerful tools to probe the mechanism of charge 

generation and to quantifying the efficiency-limiting processes in OPV devices; starting 

from the instantaneous photon absorption by a photoactive molecule to the extraction of 

charges contributing to the photocurrent. Most of these intricate processes occur on a 

picosecond to nanosecond time scale, which justifies the use of femtosecond/picosecond 

laser spectroscopy as mapping tools. In this thesis, the aforementioned techniques were 

applied to identify the presence of different polymorphs of a low-bandgap polymer in 

different solvents. This was possible by tracing the exciton lifetime of each polymorph and 

by identifying the interplay between the different polymorphs. Furthermore, this thesis 

deals with energy and charge transfer processes in donor-acceptor ‘dyads’ comprised of an 

electron donor and acceptor linked by oligophenylene spacers of increasing length. The 

study uses a simplified photophysical model to determine the efficiency of hole transfer 

following energy transfer in non-fullerene-based photovoltaic devices. Finally, a complete 

photophysical picture is demonstrated for thin-film all-polymer devices by identifying the 

yield of the individual processes contributing to photocurrent generation, spanning from 

exciton formation and charge generation to charge carrier separation and extraction. The 
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results of my studies can allow synthetic chemists and device engineers to optimize the 

chemical structure of their materials and the processing conditions of devices.  

This thesis is composed of seven chapters. Chapter 1 (Introduction) briefly describes the 

evolution and relevance of organic photovoltaic technology and the motivation and aim of 

this thesis.  

Chapter 2 (Background) reviews the theoretical principles required for interpreting the 

experimental results. It starts with the interaction of organic molecules with light and the 

photophysical properties of excited-states. Subsequently, the theory of energy and charge 

transfer processes in isolated molecule is discussed. Finally, the chapter covers the working 

principles of organic solar cells, related figures-of-merit, and description of charge 

generation and recombination models, including a Langevin recombination-based kinetic 

model for explaining the non-geminate recombination of charge carriers.  

Chapter 3 (Experimental Section) outlines the principles of the experimental techniques 

and mathematical tools used for acquiring and analyzing the data presented in this thesis. 

This chapter also contains a detailed description of each experimental setup employed in 

the research chapters. 

The first case study (Chapter 4) shows the importance of time-resolved photoluminescence 

accompanied by advanced deconvolution tools when studying the optical properties of 

different semi-crystalline polymorphs of a low-bandgap  diketopyrrolopyrrole (DPP) based 

polymer. Precisely, different polymorphs are formed by varying the solvent quality and the 
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polymorph component distribution is determined by spectral deconvolution of the steady-

state absorption spectra recorded in different solvent mixtures. The coexistence of such 

polymorphs is confirmed by monitoring the excited-state lifetime in solution, and the 

combination of these techniques reveals the transformation between the different 

polymorphs for various solvent mixtures. Finally, the impact of a specific polymorph on 

the thin-film solar cell performance is revealed.     

Chapter 5 presents the photophysical processes in chemically-linked electron donor / 

electron acceptor dyads, in which donor and acceptor are separated by oligophenylene 

spacers of varying lengths. An energy transfer-mediated charge transfer process is 

observed and the rates of energy transfer, charge generation, and charge recombination are 

determined. Although these rates decrease as the oligophenylene spacer length increases, 

the population of charge transfer states increases, which is reflected by the increase in the 

ratio of charge transfer state generation to recombination. The study also reveals the 

population of high-lying “optically dark” excited-states formed by energy transfer from the 

donor to the acceptor in a specific dyad. More precisely, this ‘dark’ state is eventually 

quenched by charge transfer at different generation and recombination rates however, 

without sacrificing the charge generation efficiency.       

In chapter 6 a comprehensive photophysical study of charge generation and recombination 

processes in polymeric electron donor and electron acceptor composites is presented. A 

combination of spectroscopic techniques including time-resolved photoluminescence, 

transient absorption, and time-delayed collection field is used as a methodology for 
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quantifying the individual loss processes occurring in OPV devices. This methodology is 

exemplified on two model all-polymer systems as a case study. The effect of incorporating 

benzothiadiazole (BT) into the backbone of the polymer acceptor is revealed. The 

applicability of the proposed methodology is finally supported by simulating the JV 

characteristics of the device using the experimentally-determined kinetic parameters. 

This thesis concludes in chapter 7 with a summary of the results and an outlook towards 

further developments in OPV research, including the understanding of degradation 

processes and applying photophysical characterization techniques to gain insight into the 

mechanism of charge carrier recombination and its impact on non-radiative voltage losses.        
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Chapter 2: Background 

2.1 Organic Semiconductors 

2.1.1 Conjugated Molecules 

Carbon atoms build the core structure of organic molecules. They have an electron 

distribution of 1s22s22p2. The four outer electrons (valence electrons) contribute to covalent 

bonding by forming, for instane, 3 sp2-hybrid orbitals. The hybridization process increases 

the overlap between the orbitals, which in turn stabilizes the compound, i.e., minimizes the 

energy of the molecule.[23] The 2s, 2px, and 2py orbitals form the sp2-hybrid orbitals in a 

trigonal planar structure separated by 120o binding angles along the xy-plane. These 

hybridized sp2-orbitals of a carbon atom can overlap with an ‘s’ or other sp2-hybrid orbitals 

of neighboring carbon atoms and thereby create σ-bonds, which are localized. The non-

hybridized 2pz-orbital however, is perpendicular to the xy-plane and thus can overlap with 

a 2pz-orbital of a neighboring carbon atom to form π-bonds, which can delocalize in the 

direction of the xy-plane (see Figure 3). The arrangement of alternating single and double 

bonds and the delocalization of π-electrons through the π-bonds is called a π-conjugated 

system. As this π-system is elongated, the gap between the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) reduces, leading to 

a bathochromic shift of the absorption. 
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Figure 3: Formation of ethane (ethylene) from two sp2-hybridized carbon atoms through σ-bonds (light 

gray) and π-bonds (white and dark gray). Figure is reprinted (adapted) from [24]. Copyright (2015) John 

Wiley and Sons. 

2.1.2 Excited States in Conjugated Materials 

A molecule is photo-excited when it absorbs a photon of sufficient energy to promote an 

electron typically from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO), in other words, to promote the molecule from the 

ground state S0 to an electronically-excited state, Sn. The probability for such a transition 

between an initial and final state is explained as a result of the Born-Oppenheimer 

approximation, which decouples the molecular wavefunction to electronic and nuclear 

parts, as shown in Equation 1, where each of these factors should be non-zero in order to 

yield a finite transition probability.   

𝑃𝑖𝑓  𝛼  |〈𝜓𝑖|µ|𝜓𝑓〉|
2

|〈𝜉𝑖|𝜉𝑓〉|
2

|〈𝑆𝑖|𝑆𝑓〉|
2
 

Equation 1 

The first term, which is the electronic spatial term (i.e. |〈𝜓𝑖|µ|𝜓𝑓〉|
2
 ), includes the dipole 

moment operator since only the electronic wavefunction interacts with the dipole moment. 
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This term is called transition dipole moment and often referred to as the symmetry rule. 

The second factor (i.e. |〈𝜉𝑖|𝜉𝑓〉|) is known as the Franck-Condon factor and depicts the 

nuclear transition, meaning the spatial overlap of vibrational wavefunction within one 

electronic transition. Figure 4 shows a schematic of the Frank-Condon principle 

representing a diatomic molecule in a potential energy surface plot against the inter-nuclear 

distance. The transition between the initial and final state is maximum when the spatial 

overlap between the vibrational wavefunctions is maximum. This transition occurs 

vertically, since the nuclei are considered immobile in comparison to the much faster 

electronic transitions. The final factor (i.e. |〈𝑆𝑖|𝑆𝑓〉|) is the spin conservation which implies 

that the initial and final states must have the same spin, otherwise, the transition is known 

as spin-forbidden.   
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Figure 4: Configuration-coordinate diagram and Franck-Condon principle. Coupled electronic-vibronic 

transitions between the ground state S0 and the first excited state S1 are indicated by vertical arrows. 

Reproduced from [25]. 

Following photoexcitation of a conjugated material, electronically higher excited states 

deactivate first via internal conversion (IC), which is the relaxation from a higher excited 

state to a lower excited state. Before returning to the ground state, the excited state 

dissipates energy in the form of heat through vibrational cooling (VR) in compliance with 

Kasha’s rule, which states that vibrational relaxation is much faster than the electronic 

transition.[26] Consequently, photon emission (fluorescence) occurs from the lowest 

vibrational level of the first electronically excited state. Another possible route for the 

excited singlet state is intersystem crossing (ISC) to a triplet state. This route is typically 

not prominent for excited states in organic molecules, however, it can be enhanced by 

heavy atoms that increase the spin-orbit-coupling. Finally, the triplet state could be 
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deactivated non-radiatively or radiatively via vibrational relaxation (VR) or 

phosphorescence, respectively. The Jablonski diagram summarizes these photophysical 

processes in Figure 5. 

 

Figure 5: Jablonski diagram showing the radiative and non-radiative photophysical processes following 

photoexcitation (blue and violet arrows). Higher excited state relaxation via internal conversion (wavy grey 

arrows). Radiative decay of singlet excited states via fluorescence (orange arrows) and radiative decay of 

triplet excited states via phosphorescence (red arrows). The timescale of some of the processes is added 

with the corresponding color. Figure adapted from [27]. 

Based on the Franck-Condon principle, the absorption spectrum from the ground state to 

an electronic excited state consists of different vibronic features. Each feature resembles a 

transition from the ground state to a specific vibrational level of the excited state. Likewise, 

emission spectra are composed of distinct vibronic features, however, these transitions are 

the mirror image of the absorption due to vibrational relaxation as explained by Kasha’s 
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rule stating that the emission process occurs from the lowest vibrational and electronic 

excited-state (orange lines in Figure 6).[26] In addition, the 0-0 transition of absorption and 

emission is energetically shifted with respect to each other, as a result of a combination of 

vibrational relaxation and reorganization of the solvent molecules upon excitation. This 

shift is known as the Stokes shift and presented in Figure 6. Hence, the Stokes shift could 

vary depending on the dipole moment of the surrounding medium, in other words, the 

solvent polarity or the polarity of surrounding molecules in the solid state leading to an 

increase in intermolecular interactions.[28]  

 

Figure 6: Absorption spectrum (green line) and emission spectrum (orange line) demonstrating Stokes 

shift. Figure reproduced from [27]. 

While the Franck-Condon principle describes the light interaction with organic molecules, 

the Beer-Lambert law determines the extent to which the light intensity is reduced as it 

passes through a material. This law reflects the strength of light absorption by a material 

while ignoring both the light scattering and the emission directed along the path of the 

incident light. The light transmission (T) through a medium is defined as follows:     



39 

 

 
 
 

 

 

 

𝑇(𝜆) =
𝐼(𝜆)

𝐼𝑜(𝜆)
= 10−𝑂𝐷(𝜆) = 𝑒−𝜀(𝜆)×𝑐×𝑑  

Equation 2 

where λ is the wavelength, I is the intensity of light passing through the medium, Io is the 

intensity of the incident light, OD is the optical density, ε is the extinction coefficient, c is 

the concentration, and d is the path length of light passing through the medium.  

The absorption of light by chromophores can change depending on the nature of aggregates 

in solution or solid state. The assembly of chromophores can give rise to two types of 

aggregates, namely J-aggregates and H-aggregates, depending on orientation of the 

transition dipole moments between adjacent molecules. For J-aggregates, the molecules in 

the dimer are stacked in a head-to-tail arrangement, while the stacking is face-to-face or 

so-called parallel (plane-to-plane) for H-aggregates. The effect of such aggregates on the 

absorption starts by stabilization (lowering the energy) of the monomer’s excited state by 

van der Waals interactions (ΔEvdW). Next, a transition from the ground state to the excited 

state is allowed when the transition dipole moment Σµ ≠ 0 and is forbidden when Σµ = 0. 

An allowed transition for J-aggregates is lower in energy with respect to the monomer, 

since the neighboring dipoles are positive and negative, which is an electrostatically 

preferred interaction. Hence, the absorption shifts towards longer wavelengths 

(bathochromic shift). On the other hand, the arrangement of neighboring dipoles for the 

allowed transition in H-aggregates is electrostatically unfavorable. This results in an 

allowed transition higher in energy compared to the monomer, shifting the absorption 
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towards shorter wavelengths (hypsochromic shift). Figure 7 shows a simplified energy 

diagram of a monomer and two physical dimers based on J- and H-aggregates. 

 

Figure 7: Schematic illustration of J- and H-aggregates. Figure reproduced from [29]. 

As for the emission of dimers, J-aggregates are emissive since the transition from the 

lowest excited state to the ground state is allowed. In contrast, H-aggregates relax to the 

ground state via non-radiative processes since the transition from the lowest excited state 

to the ground state is forbidden (Σµ = 0).  

2.1.3 Exciton Models  

When a molecule absorbs a photon of sufficient energy to promote an electron from the 

HOMO to the LUMO, thereby creating an excited-state, the HOMO carries a positive 

charge, while the LUMO carries a negative charge. However, the formed electron-hole pair 

is bound by coulomb attraction between the charges and the charge pair is referred to as an 

exciton. An exciton is an electrically neutral quasi-particle capable of transporting energy 

throughout a material, but not electric charge. The nature of an exciton is different in 

inorganic materials compared to organic materials. The main difference is a result of the 
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the different dielectric constants of the respective materials. For inorganic semiconductors, 

the dielectric constant is relatively large (>10), which translates to a binding energy of 

around kbT at room temperature. This low binding energy results in efficient electron-hole 

separation at room temperature and such an exciton is called Mott-Wannier exciton.[30] 

On the other hand, the dielectric constant for organic semiconductors is much smaller ~3 

giving rise to an electron-hole pair which is tightly bound and not spatially separated at 

room temperature. These electron-hole pairs are called Frenkel excitons and are localized 

on one molecule. Figure 8 shows the main difference between the Mott-Wannier and 

Frenkel excitons where the Mott-Wannier exciton is delocalized over several lattice 

constants.  

 

Figure 8: Schematic illustration of different kinds of excitons. Frenkel excitons (left) are localized on one 

molecule within the organic lattice. On the other hand, Mott-Wannier excitons (right) exhibit electron-hole 

separation covering much larger distance than the lattice constant of an inorganic semiconductor. Adapted 

from [31].   

Excitons composed of electrons, which possess opposite spins (anti-parallel) are termed 

singlet excitons and the total spin of the state is 0. In contrast, the spin of the electrons 
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could be parallel leading to a total spin of 1 and these excitons are called triplet excitons 

(see Figure 9). Ground-states of organic molecules are singlet states due to the nature of 

carbon atoms and an optical excitation always promotes an electron to an excited-state 

having the same spin orientation as in the ground-state (paired). This is due to the spin of 

a photon (s = ±1) capable of initiating a dipole transition to an excited-state, however, not 

enough to change the spin. Hence, an optical transition from a ground-state to a triplet 

excited-state is spin-forbidden. A transition to a triplet state, however, is possible from an 

excited singlet state. In this case, the difference in spin is compensated by spin-orbit 

coupling due to the presence of heavier atoms and the process is referred to as intersystem 

crossing (ISC). 

 

Figure 9: Spin in the ground and excited-states. 

2.1.4 Energy Transfer Processes  

Beside the different relaxation processes of excited-states that were previously discussed, 

molecules can relax to the ground-state via energy transfer to other excited-states. This 

process transfers the excitation energy from an energy donating (D) molecule to an energy 
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accepting (A) molecule (D* + A  D + A*). The general condition for energy transfer to 

occur is the spectral overlap between the emission of the donor molecule and the absorption 

of the acceptor molecule as seen in Figure 10.  

 

Figure 10: Energy transfer from the donor fluorescein to the acceptor tetramethylrhodamine. The spectral 

overlap between the emission of the donor and the absorption of the acceptor is shaded in gray. Adapted 

from [32]. 

Two distinct energy transfer mechanisms are possible, namely Förster resonance energy 

transfer (FRET) and Dexter energy transfer. 

- Förster mechanism (FRET) is a non-radiative process based on a dipole-dipole 

coupling between two chromophores interacting through electromagnetic field with 

no spatial overlap between their wavefunctions. Hence, there is no electron 

exchange between the chromophores. The rate constant of this process is inversely 

proportional to the sixth power of the distance between the molecules, namely R, 

and is calculated as follows:   



44 

 

 
 
 

 

 

 

𝑘𝐷∗→𝐴 =  
1

𝜏𝐷
(

𝑅0

𝑅
)

6

  

Equation 3 

where 𝜏𝐷 is the exciton lifetime in the pristine donor molecule and R0 is the Förster 

radius, which has typical values below 10 nm. This process can describe the 

migration of excitons within an organic solid state by successive energy transfer 

steps through a distribution of sites of varying energy. The distribution of different 

energy levels is a result of both the thermal fluctuations and the distribution of 

different conjugation lengths caused by different molecular sites having kinks, 

twists, and defects. The distribution of these sites having distinct energies is called 

the density of states (DOS) and exciton migration is a hopping process from a 

higher state to a lower energy state in the DOS. Following absorption, the dynamics 

of exciton relaxation strongly depend on the energy transfer relaxation within the 

DOS followed by hopping supported by the thermal energy. These processes are 

demonstrated in Figure 11.    
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Figure 11: Illustration of singlet exciton hopping dynamics depending on the energetic landscape. Figure 

reprinted (adapted) with permission from reference [33]. Copyright (2007) American Chemical Society.  

- Dexter mechanism is also a non-radiative process, however, it is based on quantum 

mechanical exchange were electrons are swapped through strong special overlap 

between both the donor and acceptor’s wavefunctions. Hence, the radius over 

which this energy transfer arises is much shorter than FRET. The distance is 

typically around 0.5 to 1 nm and the rate constant at which this process occurs is 

exponentially dependent on the distance R between the D and A,  

𝑘𝐷𝑒𝑥𝑡𝑒𝑟 ∝ exp (
−2𝑅

𝐿
) 

Equation 4 

where L is the van-der-Waals distance.[34] Another property that differentiates this 

process from FRET is the ability to transfer the energy of triplets in addition to 

singlet excitons. 
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2.2 Concepts for Charge Photo-generation and Separation  

2.2.1 Marcus Theory  

A semi-classical model describing electron transfer reactions in solution was established 

by Marcus back in 1965.[35] It is considered to be semi-classical, which is similar to the 

Born-Oppenheimer approximation, in the sense that motion of nuclei is slow and evaluated 

classically, whereas quantum mechanical calculations are considered for the rapid motion 

of electrons. Electron transfer is modeled for systems comprised of an electron donor (D) 

and an electron acceptor (A) and defined by using three states which are the ground state 

D/A, the excited state D*/A and the charge transfer state D+/A-. These states are portrayed 

as harmonic oscillators (parabolas) in a plot of the potential energy surface against the 

reaction coordinates as shown in Figure 12. These states intersect since the charge transfer 

is assumed to be a non-adiabatic process between D*/A and D+/A- which are the reactants 

and products, respectively. 
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Figure 12: Depiction of Marcus theory of electron transfer process. The blue parabola represents the 

potential energy landscape of the donor/acceptor in the ground state (D/A), the red parabola represents the 

excited donor state (D*/A), and the green parabola represents the charge transfer state following electron 

transfer (D-/A+). ΔG† is the activation energy for the charge transfer, ΔG0 is the Gibbs free energy, and 𝜆 is 

the reorganization energy. 

Photoexcitation causes the system to vertically transition from point 1 of the ground state 

(D/A parabola) to point 2 in the excited state (D*/A parabola) according to the Franck-

Condon principle. For the system to undergo charge transfer at this point, a vertical 

transition must occur to the nuclear configuration of point 3 at which the energy of the 

excited state is equal to the energy of the charge transfer state, that is, where the parabola 

of the excited and the charge transfer state intersect. The Gibbs energy required for this 

transition to occur is called the activation energy ΔG†, which is the energy difference 

between the energy of the excited state-charge transfer transition (3) and the excited state 

minimum (2). Activation energy could be derived as follows: 
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ΔG†  =  
(𝜆+ΔG0)

2

4𝜆
                   

Equation 5 

where ΔG0 is Gibbs free energy of the reaction, which corresponds to the energy difference 

between the minima of the excited state and the charge-transfer state parabolas, while 𝜆 is 

the nuclear reorganization energy of the charge-transfer reaction (see Figure 12). It is 

comprised of two contributions, specifically the internal reorganization energy 𝜆𝑖, which 

relates to the geometrical changes of the donor and acceptor as a consequence of charge 

transfer. The second contribution is the external part 𝜆𝑠, which corresponds to the 

reorganization energy induced by the nuclear and electronic polarization of the solvent or 

neighboring molecules in the case of solid-state.[36, 37] 

 The rate of electron transfer is expressed in the semi-classical theory of Marcus as: 

𝑘𝐸𝑇 =  
2𝜋

ℎ√4𝜋𝜆𝑘𝐵𝑇
𝑉𝑅𝑃

2𝑒𝑥𝑝 [−
(𝜆+𝛥𝐺0)

2

4𝜆𝑘𝐵𝑇
]           

Equation 6 

where 𝑉𝑅𝑃 is electronic coupling between the reactants and products, ℎ is the Planck’s 

constant, and T is the temperature. The electron transfer rate is correlated with Gibbs free 

energy and the reorganization energy through a Gaussian normal distribution function. 

When considering ΔG0 as a negative value and 𝜆 as positive, the exponential dependence 

results in a maximum transfer rate as the magnitudes of ΔG0 and 𝜆 are equal. The rate slows 

down as: (i) |ΔG0| < 𝜆, which is referred to as the normal region and (ii) when |ΔG0| > 𝜆, 
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which is known as the Marcus inverted region. Gloss et al.[38] were able to verify the 

Marcus inverted region by probing the intramolecular electron transfer rate for compounds 

of different Gibbs free energy by alternating different acceptor groups in an Ax-Sp-Bi- 

general structure. The rate constant reaches a maximum around 1 eV and consequently 

falls off at higher Gibbs free energy as shown in Figure 13.  

 

Figure 13: Intramolecular electron transfer rate 𝑘𝐸𝑇 as a function of Gibbs free energy for a set of eight 

different acceptors (closed circles) attached to 4-biphenylyl donor and a fit of the experimental results (solid 

line). Figure reprinted (adapted) from reference [38]. Copyright (1986) American Chemical Society.          

2.2.2 Coulomb Binding Energy 

The process of charge transfer in D-A systems depends on the Gibbs free energy as 

described in the previous section. The Gibbs free energy of a reaction accounts for the 

energy difference between the final and initial states, namely the charge transfer state and 

the neutral excited state, in addition to the mutual Coulomb attraction between the electron 

and hole. Hence, the Gibbs free energy of this reaction could be written as follows:[39] 
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𝛥𝐺0 =  𝐸𝐷+ +  𝐸𝐴− − 𝐸𝐷∗ − 𝐸𝐴 + 𝛥𝐸𝑐𝑜𝑢𝑙              

Equation 7 

where 𝐸𝐷+and 𝐸𝐷∗are the energies of the isolated donor molecule in the cationic state and 

the lowest excited state, respectively, while 𝐸𝐴− is the energy of the acceptor molecule in 

the anionic state and 𝐸𝐴 is the energy of the acceptor molecule in the ground state. The last 

term in Equation 7 is the energy required for the photo-generated charges to escape their 

mutual Coulomb attraction. This Coulomb attraction energy, ECB, is expressed in the 

following equation:[40] 

𝐸𝐶𝐵 =  
𝑞2

4𝜋𝜀0𝜀𝑠𝑟𝐷𝐴
            

Equation 8 

where q is the atomic charge, 𝜀0 is the vacuum permittivity, 𝜀𝑠 is the dielectric constant of 

the medium and 𝑟𝐷𝐴 is the electron-hole separation. Thus, the magnitude of the Coulomb 

attraction strongly depends on the static dielectric constant and the separation distance and 

ranges typically between 100 and 500 meV. Hence, charge separation is more efficient as 

the magnitude of the Coulomb attraction approaches the thermal energy at room 

temperature, which is 25.7 meV.      

2.2.3 Coherent and Incoherent Charge Transport 

Understanding electron transport over long distances is of importance since it plays a key 

role in various disciplines from biological, such as photosynthesis, to materials science 

such as photocatalysis and other optoelectronic applications. The long-distance electron 
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transfer in conjugated molecules is intrinsically non-adiabatic as discussed in the previous 

section. The rate of this electron transfer is governed by two transport mechanisms, namely 

a coherent transport (superexchange) and an incoherent (sequential) transport: 

- Coherent Charge Transport (Superexchange): This process is strongly distance-

dependent where the electron transfer occurs from the donor molecule to the 

acceptor directly through tunneling process in which the electronic orbitals are 

well-separated and the exchange is coupled indirectly. Since this process occurs 

when the donor and acceptor molecules are weakly coupled, the electron transfer 

rate decays exponentially as a function of donor-acceptor distance:  

𝑘𝐸𝑇 = 𝑘0𝑒𝑥𝑝(−𝛽𝑟𝐷𝐴) 

Equation 9 

where 𝑘0 is a kinetics pre-factor and 𝛽 is a factor that varies depending on the 

molecule connecting the donor and acceptor molecules, i.e. the bridge 

molecule.[41] 

- Incoherent Charge Transport (Charge Hopping): This weakly distance-

dependent process is more efficient than the coherent process at longer distances. 

This thermally assisted charge transfer mechanism is mediated by intermediate 

states formed as a result of the coupling between the bridge’s nuclear motion and 

the surrounding medium. These states are energetically available giving rise to 

sequential charge transfer. Since the LUMO’s of the donor and acceptor are 
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resonant with the bridge levels, the electron transfer is a through-bond transfer and 

is not exponentially dependent on the D-A distance.        

Weiss et, al.[42] demonstrated experimentally the contribution of the coherent and 

incoherent mechanisms to the electron transfer rates and the possibility to use conjugated 

molecules as molecular wires, when the length of the bridge is increased in donor-bridge-

acceptor (DBA) systems. Figure 14 demonstrates the exponential decrease of the electron 

transfer rate with distance in the superexchange-dominated region.   

 

Figure 14: Logarithmic plot of electron transfer rate vs. donor-acceptor separation distance for (A) charge 

separation, kCS and (B) charge recombination, kCR. These graphs are reprinted (adapted) from reference [42]. 

Copyright (2004) American Chemical Society.  

2.3 Organic Solar Cells 

2.3.1 Working Principles  

Organic solar cells are excitonic devices in the sense that the primary photo-excitations are 

Frenkel excitons, i.e., the excited electron-hole pairs are strongly bound by Coulombic 
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attraction and localized on a single molecule within the lattice of low dielectric constant 

(𝜀𝑠= 2-4) organic materials.[43] Excitons formed in organic materials have binding 

energies ranging from 0.35 to 0.5 eV which are one order of magnitude higher than kBT at 

room temperature.[44] Therefore, a second material with lower-lying HOMO and LUMO 

levels is introduced to create a driving force for the excitons to separate into free charges. 

These organic materials make up the cell’s photoactive layer, which is comprised of 

electron donating (D) material and electron accepting (A) materials. This layer could be 

either designed in a bilayer architecture or both materials could be blended, in what is 

called a bulk heterojunction (BHJ), and sandwiched between two electrodes (see Figure 

15). Careful design of each layer thickness must take into account the excitons diffusion 

lengths. One of the electrodes must be transparent to allow transmission of photons to reach 

the photoactive layer and it must be conductive such as indium tin oxide (ITO). The work 

function of these electrodes is designed to be similar to the HOMO levels of the donor and 

LUMO levels of the acceptor in order to form an Ohmic contact and to ensure efficient 

charge extraction.     

 

Figure 15: Organic solar cell architecture: a) Single component solar cell. b) Bilayer solar cell. c) Bulk 

heterojunction solar cell.  
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Upon photoexcitation of the active layer, excitons are formed in either the donor or 

acceptor domains depending on the absorbance of these materials and the 

wavelength/energy of the incident photons. These excitons must diffuse to reach a 

donor/acceptor interface where they subsequently form intermolecular charge transfer 

(CT) states triggered by proper energetic alignments of LUMO levels as well as the 

energetic offset of HOMO levels between the donor and acceptor molecules.[45, 46] This 

step is considered a prerequisite for charge separation occurring at the heterojunction 

interfaces prior free charge formation.[47] Finally, the charge carriers must be transported 

through within the percolation pathways connecting the donor and acceptor domains to the 

relevant electrode. Hence, the efficiency of organic solar cells following photon absorption 

is determined by the yield of each of the following processes (or loss channels): 

a) Exciton diffusion and quenching (exciton decay). 

b) Bound electron-hole pair separation (geminate recombination). 

c) Free charge carrier transport and extraction (non-geminate recombination). 
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Figure 16: Charge generation and recombination mechanisms in an organic solar cell including the 

timescale of these processes: a) Photon absorption. b) Exciton diffusion and CT state formation. c) Charge 

separation and transport. d) Charge carrier extraction. e) Exciton decay. f) Geminate recombination. g) 

Non-geminate recombination. Figure adapted from reference.[48] 

2.3.2 Figures of Merit 

The JV characteristic or the JV curve is the main figure that represents the performance of 

a solar cell. It is defined by the current density J as a function of applied voltage V and is 

measured by sweeping an applied voltage, ranging from -1 to 1 V, while the solar cell is 

being illuminated under artificial standardized AM1.5G illumination. For demonstration 

purposes, the curve is usually accompanied by the power density plot as depicted in Figure 

17. The power conversion efficiency (PCE) of a solar cells is defined by the electrical 

power output of the cell (Pout) divided by the power of the incident light (Pin). The power 

output depends on three factors as follows: 
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𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑉𝑂𝐶 × 𝐽𝑆𝐶 × 𝐹𝐹

𝑃𝑖𝑛
 

Equation 10 

where VOC is the open-circuit voltage, JSC is the short-circuit current, and FF is the fill 

factor. These parameter are shown in Figure 17. 

 

Figure 17: JV curve (purple line) alongside the power vs. voltage curve (orange line). Power is the product 

of the current and voltage. Vmax is the voltage and Jmax is the current density at the maximum power point 

(MPP). The orange rectangle is the product of Jmax and Vmax while the purple rectangle is the product of 

JSC and VOC. 

The short-circuit current (JSC) is obtained when the applied voltage is zero. This condition 

is referred to as short circuit condition, in which the Fermi levels of the electrodes are 

leveled causing the bands to be tilted. Hence, the photo-generated electrons drift towards 

the cathode, while holes drift to the anode. When the applied voltage is increased in the 

negative (reverse bias), the internal field is further increased causing the bands to be more 
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tilted. The VOC, however, is obtained when the applied voltage is equal in magnitude and 

opposite in sign to the built-in potential. This condition is called ‘flat band condition’, here 

the photo-generated charge carriers recombine and are not extracted, i.e., no net 

photocurrent is measured. Increasing the potential above VOC values results in tilting the 

bands to the opposite direction, allowing carriers to be injected to the cell. These conditions 

are depicted in Figure 18. 

 

Figure 18: Simplified band model in thin film organic semiconductor devices. a) short-circuit condition, b) 

reverse-bias condition, c) open-circuit condition, and d) increased forward-bias (injection). Figure reprinted 

from [49]. 

An important figure of merit is the fill factor (FF) which is defined as the ratio of the 

maximum power (that is, the power at MPP) to the product of the open-circuit voltage and 

the short-circuit current. This ratio is depicted in Figure 17 as the ratio of the orange 

rectangle to the purple rectangle. 
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𝐹𝐹 =
𝑃𝑚𝑝𝑝

𝑉𝑂𝐶 × 𝐽𝑆𝐶
=

𝑉𝑚𝑝𝑝 × 𝐽𝑚𝑝𝑝

𝑉𝑂𝐶 × 𝐽𝑆𝐶
 

Equation 11 

Another figure-of-merit measuring the performance of a device is the quantum efficiency. 

The external quantum efficiency (EQE) is the ratio of the number of extracted charges to 

the total number of incident photons at a given photon wavelength. In fact, the short-circuit 

current can be calculated from the EQE spectrum (see Figure 19), knowing the incident 

light spectral power density. 

𝐸𝑄𝐸(𝜆) =
𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠(𝜆)

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠(𝜆)
 

Equation 12 

𝐽𝑆𝐶 =
𝑒

ℎ𝑐
∫ 𝜆 × 𝐸𝑄𝐸(𝜆) × 𝑃𝐴𝑀1.5𝐺(𝜆)𝑑𝜆 

Equation 13 

where h is Planck’s constant, e is the elementary charge, c is the speed of light, and PAM1.5G 

is the power of artificial illumination spectrum AM 1.5G. The internal quantum efficiency 

(IQE), however, reflects the efficiency of converting an absorbed photon to an charge 

carrier. The photon absorption of the device is corrected for effects such as parasitic 

absorption, light reflection by the electrodes, and light scattering. Since the efficiency of 

light absorption is not included in the definition of IQE, IQE values are always larger than 

or equal to the EQE values of the same device. 
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𝐼𝑄𝐸 =
𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠(𝜆)

𝑁𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠(𝜆)
=

𝑁𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠(𝜆)

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠(𝜆) × 𝑎𝑏𝑠(𝜆)
=

𝐸𝑄𝐸(𝜆)

𝑎𝑏𝑠(𝜆)
 

Equation 14 
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Figure 19: External quantum efficiency (EQE) of PBFTAZ:PIID[2F]T(R) device (solid line) and the 

integrated photocurrent (dash line) determined by integrating the EQE following Equation 13. 

2.3.3 Loss Mechanisms  

Several loss mechanisms occur and compete with photon absorption, exciton quenching, 

charge separation, and charge extraction. The product of the efficiency of these processes 

determines the overall power conversion efficiency of an organic solar cell (η) as follows: 

η = η𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 η𝑞𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 η𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 η𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 

Equation 15 
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The absorbance of an organic photoactive layer governs the absorption 

efficiency η𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 . This process is not covered further in this section. The following 

sections describe the loss mechanisms following photon absorption.  

2.3.3.1 Exciton Decay 

An exciton with a high Coulomb binding energy is formed upon photon absorption. In 

order to utilize the exciton for charge generation, it must diffuse to a D/A interface before 

it decays to the ground-state. Hence, a crucial parameter governing the efficiency of this 

process is the exciton diffusion length (LD). An exciton must have sufficient LD values 

relative to the size of pure D and A domain sizes in the heterojunction. Typical LD values 

in organic solar cells range from 3 nm to 20 nm.[40, 50-52] A simplified expression used 

for the exciton diffusion length often referred to in literature is the following: 

𝐿𝐷 = √𝑍𝐷𝜏 

Equation 16 

where D is the diffusion coefficient, τ is the exciton lifetime, and Z is 1, 2, or 3 in the case 

of one, two, or three-dimensional diffusion.[53] Exciton diffusion via hopping among the 

Gaussian distribution of HOMO-LUMO energies is facilitated by energy transfer processes 

(Förster or Dexter) as discussed in section 2.1.4. Careful assessment of LD for the D and A 

materials is essential to utilize most of the solar spectrum in the application of non-fullerene 

systems.[54]   

2.3.3.2 Geminate Recombination 
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Excitons that diffuse to a donor/acceptor interface will form a CT state prior to dissociation 

and free charge carrier generation. This process is theoretically described by Marcus (see 

section 2.2.1). Although the formation and dissociation of CT states in organic solar cells 

are still under debate, the recombination of these states is shown to be strongly correlated 

with the reduction of short-circuit current density.[55] This recombination process is 

comprised of CT pairs, which are trapped by their Coulomb attraction and did not separate. 

Therefore, this process is not a function of the excitation intensity. The population of these 

states at any delay time t, decays to the ground state (GS) mono-exponentially as shown 

below: 

𝐶𝑇(𝑡) = 𝑁0𝑒𝑥𝑝(−𝑘𝐶𝑇→𝐺𝑆𝑡)            

Equation 17 

where 𝑁0 is the initial population of generated CT states and 𝑘𝐶𝑇→𝐺𝑆 is the rate of geminate 

recombination. This process is in competition with charge separation depending on the 

degree of energetic disorder at the interface, while the aim is to reduce the fraction of 

geminate recombination to a minimum.   

2.3.3.3 Non-geminate Recombination 

Free charge carriers that have already overcome their Coulomb attraction can recombine 

at the donor/acceptor interface in a process called non-geminate recombination. One can a 

clearly distinguish geminate recombination from non-geminate recombination, as the 

recombination originates from electron-hole pairs generated by different photons. The 
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recombination of these spatially-separated charges (SSC) is a bimolecular function 

following the Langevin model as follows: 

𝑆𝑆𝐶(𝑡) =  (𝜆𝛾𝑡 + (𝑁0)−𝜆)
−

1

𝜆              

Equation 18 

where 𝛾 is the rate of bimolecular recombination, 𝑁0 is the initial charge carrier density 

and 𝜆 is the recombination order. Non-geminate recombination occurs when an electron 

locates a hole at a distance smaller than the Coulomb radius which sorts this process as a 

diffusion-limited process proportional to the charge carrier mobility. Hence, the 

bimolecular recombination rate can be expressed as 

𝛾 =  
𝑒(𝜇𝑒 + 𝜇ℎ)

𝜀0𝜀𝑟
 

Equation 19               

where 𝑒 is the elementary charge, 𝜇𝑒 and 𝜇ℎ are the electron and hole mobility, 

respectively. For the classical Langevin-bimolecular recombination, the recombination 

order has a value of 1 giving 𝜆+1 equal 2. However, experimental results on organic solar 

cells have shown recombination order values exceeding 2 and a slower power law decay. 

This behavior was attributed to trapping and de-trapping of charge carriers in localized tail 

states of the density of states (DOS)[56-58] or to different mobility distributions of charge 

carriers.[59] Since the experimental rate of bimolecular recombination is slower than the 



63 

 

 
 
 

 

 

 

predicted Langevin-bimolecular recombination, a reduction factor (ξ) is introduced to 

account for this discrepancy as follows: 

𝜉 =
𝑅𝑒𝑥𝑝

𝛾
 

Equation 20      

where γ is the Langevin recombination rate calculated from Equation 19. A simulation of 

non-geminate recombination based on the bimolecular model at varied excited-state 

densities is represented in Figure 20, where the effect of excitation density on the decay of 

SSC states is clear.  
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Figure 20: Simulation of bimolecular recombination at excited-state densities varying from 1016-1018 cm-3 

using a fixed bimolecular recombination rate of 10-12 cm3/s and a reduction factor of 0.01 (solid lines) and 

the typical recombination order of the Langevin-type model (𝜆+1 = 2). Dashed lines represent the classical 

Langevin recombination. 
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This recombination process can have a negative impact on the performance of organic solar 

cells. The FF of organic solar cells is severely affected by non-geminate recombination, 

since the competition between charge extraction and charge recombination determines the 

FF at different bias voltages.[60-62] While short-circuit current losses due to non-geminate 

recombination are minimal, the effect is more pronounced in the open-circuit.[63] Shuttle 

et al.[64] concluded that the open-circuit voltage (VOC) is limited by the rate of non-

geminate recombination, where a one order of magnitude reduction of bimolecular 

recombination results in an 0.1 V increase in VOC.     

2.3.3.4 Field Dependence of Free Charge Carrier Generation 

Besides the effect of non-geminate recombination on the shape of the JV characteristics of 

a solar cell, specifically the FF, field dependent charge generation is also considered a loss 

channel with strong impact on the FF. An electron-hole pair in the intermediate CT state 

might require an additional activation energy to overcome the coulombic attraction in order 

to split to free charges. This excess energy could be provided by an external electric field 

and such a dependence is referred to as field-dependence of charge generation. Numerous 

studies investigated the effect of field-dependence of charge generation in organic solar 

cells measured indirectly by a transient charge carrier extraction technique called time-

delayed collection field (TDCF, introduced in section 3.6 Time-Delayed Collection Field).[65-

67] Vandewal et al.[68] revealed that the presence/lack of field dependence of charge 

generation is unrelated to the excitation energy (see Figure 21). Moreover, few studies 
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related the extent of field-dependence of charge generation to geminate recombination 

losses in a device.[69, 70] Kurpiers et al.[71] recently discussed the relevance of field 

dependence of free charge generation in estimating the activation energy of charge 

generation. Interestingly, a recent study questioned the relevance of TDCF to detect the 

field dependence of charge generation and to determine the bimolecular recombination 

coefficient. The ‘apparent’ field dependence is explained by charge carriers recombining 

during extraction due to the accumulation of background charge carriers at the electrodes 

instead.[72] However, the conclusion is arguable since the ‘apparent’ field dependence is 

not present in experimental results in which the charge generation is field independent. 

Hence, it is important to experimentally validate the relevance of TDCF by investigating 

systems with varied range of bimolecular recombination coefficients and to experimentally 

incorporate the effect of background charge carriers at the electrodes.     

 

Figure 21: Current density and number of photogenerated charge carriers as a function of excitation 

wavelengths for (a) MEH-PPV:PC61BM device and (b) PBDTTPD:PC61BM. Figure reprinted by permission 

from Springer Nature: Nature Materials [68], COPYRIGHT (2013).   



66 

 

 
 
 

 

 

 

Chapter 3: Experimental Section 

In this chapter, the most relevant experimental methods used for acquiring the data 

presented in this thesis are highlighted. First, UV-Vis absorption spectroscopy is used for 

measuring the ground-state absorption of materials. Multivariate Curve Resolution (MCR) 

is applied on the UV-Vis data to separate the spectral signatures and spectral weights of a 

data set containing several components. Time-resolved photoluminescence is used to 

monitor the exciton lifetime and track the spectral evolution of a material’s 

photoluminescence. Current-voltage measurements are performed to determine the power 

conversion efficiency of organic solar cells. Transient absorption (TA) spectroscopy is the 

technique to monitor the spectral and temporal evolution of excited states such as singlets, 

charge-transfer states, spatially-separated charge carriers, and triplets across a wide 

dynamic range from femto- to microseconds. Lastly, time-delayed collection field (TDCF) 

provides insight into the field-dependence of charge generation. Further details regarding 

sample preparation are discussed in the respective sections listed in chapter 4.    

3.1 UV/Vis Absorption Spectroscopy (Spectrophotometry) 

The principle of the technique is to measure the reduction in light intensity as light 

transmits through a sample. As depicted in Figure 22, a light source such as a tungsten 

lamp emits light comprised of a wide range of wavelengths. The light is directed towards 

a monochromator in which the light is dispersed by a prism or a grating. Selected 

wavelengths exit the slit of the monochromator and are split equally by a beamsplitter. The 

first part of the light transmits through the reference, which can be a pure solvent or a blank 
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substrate and is detected by the spectrometer to give the reference light intensity I0. The 

second part of the light is directed through the sample and the intensity of light passing 

through the sample (I) is measured. The absorbance is then calculated from the logarithm 

to the base 10 of the inverse transmittance (𝐴𝑏𝑠 =  log10 (
1

𝑇
) = log10 (

𝑃0

𝑃
)).  

 

Figure 22: Illustration of a UV/Vis absorption spectroscopy setup. 

3.2 Multivariate Curve Resolution-Alternating Least Square (MCR-ALS) 

MCR is a so called soft-modelling approach for analyzing data matrices comprised of 

spectral profiles S and concentration profiles C of several species contributing to the overall 

data matrix D. Tauler et al.[73, 74] developed the algorithm to separate the individual 

contribution of different components. MCR was initially used to deconvolute the 

absorption spectra in liquid chromatography as follows:  

𝐷 = 𝐶𝑆 + 𝐸 
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where E is the residual error matrix, which describes the difference between the 

experimental data and the reconstructed matrix from the idealized description. First step of 

the analysis is to determine the number of species present in the overall data matrix through 

singular value decomposition (SVD). The initial guess of the concentrations is then 

determined by an evolving factor analysis (EFA). A least square method is used to calculate 

the corresponding spectra and additional constraints can be used to alter the spectra in order 

to calculate new concentration profiles. These steps are repeated for many iterations until 

an optimum fit is achieved through a selected convergence criteria. A schematic illustration 

of MCR decomposition is shown in Figure 23. 

 

Figure 23: Graphical illustration of multivariate curve resolution-alternating least square (MCR-ALS). 

MCR-ALS can deconvolve data matrices without a priori or experimental knowledge of 

the spectra of the individual components. Hence, the output of the analysis is not a unique 

solution and must be supported by additional experiments that help to identify the 

individual species. However, physical constraints can be applied to reduce the uncertainty 

and enhance the accuracy of the analysis such as a spectrum of an individual species 

obtained by other measurements. Moreover, other constraints can be applied to the spectral 
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profile or the concentration profile such as non-negativity. For instance, in the case of the 

ground-state absorption of different polymorphs of a low-bandgap polymer, which were 

investigated in this thesis, non-negativity constraints of both spectra and concentration 

were applied since a negative spectra or negative concentration is not physically 

meaningful. A more detailed explanation of the analytical steps of MCR-ALS and the 

applicability of the method is found elsewhere.[75]  

3.3 Time-Resolved Photoluminescence Spectroscopy 

The radiative decay via photoluminescence of an excited state is spectrally resolved by 

using a streak camera system from Hamamatsu as depicted in Figure 24. 

 

Figure 24: Schematic illustration of the working principle of time-resolved photoluminescence 

experiments conducted with a streak camera system. Reprint from reference [76]. 

In this measurement, the sample is excited with wavelength tunable short laser pulses of 

variable repetition rate. Excitation pulses are guided to the sample and the emission from 

the sample is collected with an optical telescope consisting of two plano-convex lenses, 
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which in turn focus the emission onto the slit of the spectrograph. The emission is then 

dispersed by a grating and directed towards a photocathode, which photo-generates 

electrons that are sent through the Streak tube, essentially a high-vacuum tube with two 

metal plates. A time-dependent electric field is applied to the plates creating a time-

dependent deviation of the electron path through the Streak tube in the direction of the 

electric field. Finally, a two-dimensional charge-coupled device (CCD) camera detects the 

electrons and a streak image is recorded that shows the wavelength on the x-axis and the 

time-delay on the y-axis.      

3.4 Solar Cell Characterization 

The figures of merit including the short circuit current, open circuit voltage, fill factor, and 

the power conversion efficiency are measured under international standard condition for 

illumination with an irradiance of 100 mWcm-2. This standard is the AM1.5G spectrum for 

solar cell testing defined by the American Society for Testing and Materials, where AM 

stands for air mass and 1.5 is the distance across which the light travels until it reaches the 

ground G in comparison to the distance of incident light at a perpendicular angle. The 

incident angle corresponding to the 1.5 factor is 48.2o. J-V characteristics were measured 

in nitrogen atmosphere inside a glovebox using a solar simulator and under an applied 

voltage delivered by a Keithley 2400 source.  
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Figure 25: The AM1.5G solar spectral irradiance. 

The external quantum efficiency (EQE) is the ratio of extracted charges to the number of 

incident photons at a certain wavelength. The solar cell pixel is illuminated by 

monochromatic light from a tungsten lamp and the charges are collected under short circuit 

conditions. The incident light is calibrated by using a silicon detector as a reference to 

quantify the number of photons per wavelength.  

3.5 Transient Absorption Spectroscopy  

Transient absorption is a time-resolved optical pump-optical probe technique to study the 

dynamics of photo-excited species by monitoring the spectrally-resolved change in 

transmission of the sample with time. First, the sample’s transmittance is probed by a short 

broadband light pulse that measures the ground-state transmission spectrum of the sample 

(Toff). Then, a short pulse with a specific wavelength excites (pumps) the sample to create 

excited states followed by a second broadband pulse acting as the probe pulse to measure 

the excited-state transmission spectrum of the sample (Ton). Varying the time delay 



72 

 

 
 
 

 

 

 

between the pump and probe pulses provides the temporal resolution needed to monitor 

spectral relaxation, transition, and recombination processes of excited-states. The transient 

absorption spectrum is defined at any given time delay as follows: 

∆𝑇

𝑇
=

𝑇𝑜𝑛 − 𝑇𝑜𝑓𝑓

𝑇𝑜𝑓𝑓
 

Equation 21 

As an organic material is excited by absorbing a photon and promoting an electron from 

the HOMO to the LUMO, the ground-state of the molecule becomes depleted. Hence, the 

excited-state is no longer able to absorb the probe photon where the molecule absorbs in 

the ground-state. As a result, the transmittance in that spectral region will increase and the 

overall TA signal, ΔT/T, is positive. This TA signal is referred to as ground-state bleach 

(GSB). On the other hand, an excited-state could absorb the probe light and itself get 

promoted to a higher excited-state. This process results in less photons transmitted through 

the sample, i.e., negative ΔT/T and is called excited-state absorption (ESA). In addition, 

the fluorescence of the excited-state could be stimulated by the probe pulse resulting in fast 

radiative recombination to the ground-state. Consequently, an additional positive signal is 

transmitted in the spectral region of the sample’s fluorescence and the positive ΔT/T signal 

is referred to as stimulated emission (SE). A typical TA signal is the superposition of the 

three aforementioned components as depicted in Figure 26.   
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Figure 26: Representative transient absorption spectrum highlighting the ground-state bleach (GSB), 

stimulated emission (SE), and excited-state absorption (ESA) signals. 

The amplitude of the TA signal at a certain wavelength and time-delay is a function of the 

number change of excited-states Ni, the cross-section σi of the excited-state, and the sample 

thickness d: 

∆𝑇

𝑇
(𝜆, 𝑡) = ∑ 𝜎𝑖,𝑓(𝜆)

𝑖,𝑓

∆𝑁𝑖(𝑡)𝑑 

Equation 22 

The experimental setup for TA spectroscopy measurements is depicted in Figure 27 and 

has been described in reference [77]. Two setups have been used in this thesis, called the 

“short delay setup” and the “long delay setup”, as they cover the time ranges of up to 8 ns 

with a ~100 fs resolution and up to 100 µs with a ~600 ps resolution, respectively. For the 

short delay setup, the output of a commercial titanium:sapphire amplifier, namely Coherent 
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Legend Duo with beam output specifications of 4,5 mJ, 3 kHz, and 100 fs is split into three 

beams of 2, 1, and 1.5 mJ. Two of the beams are used to pump two separate optical 

parametric amplifiers (Light Conversion TOPAS Prime). The first TOPAS generates 

tunable excitation pules in the visible region, while the second TOPAS outputs a 1300 nm 

seed beam used to generate a white-light super continuum through a calcium fluoride 

(CaF2) window. This white-light is used for measurements in the visible region ranging 

from 350 to 1100 nm. The third output of the Legend (800 nm) is used to generate a 

broadband white-light super continuum from 500 to 1600 nm by focusing the beam into a 

c-cut 3 mm thick sapphire window. The delay between the pump and probe is varied by 

using a broadband reflector mounted on a mechanical delay stage. On the other hand, for 

the long delay measurements the pump pulses are provided by an actively Q-switched 

Nd:YVO4 laser (InnoLas piccolo AOT) frequency doubled to provide 532 nm. The delay 

between the pump and probe is electronically controlled by a delay generator (Stanford 

Research Systems DG535). TA measurements of film were performed under a dynamic 

vacuum of <10-5 mbar. 
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Figure 27: Schematic illustration of the transient absorption setup used for the measurements presented in 

the thesis. BS= beam splitter, M= mirror, L= lens, ND= neutral density. Adapted from reference [78]. 

3.6 Time-Delayed Collection Field 

Time-delayed collection field is an optical pump-electronic probe technique to study the 

field-dependence of charge generation in solar cells. A short laser pulse in the nanosecond 

regime photo-excites the device creating charges, while the device is subjected to a 

constant pre-bias voltage (Vpre), which ranges from -1.0 V to VOC. After a certain time 

delay, all remaining charge carriers are extracted by a strong reverse bias (Vcol) of -4.0 V. 

Figure 28 shows two photocurrent responses, the first is after applying the laser excitation 

and second after applying the collection bias. The area under the two curves correspond to 

the total number of generated charges (Qtot) which is the sum of charges extracted by the 

pre-bias voltage (Qpre) following the laser excitation and the quantity of charges extracted 

by applying the collection field (Qcol). Measurements are executed under charge carrier 

densities similar to densities under one sun illumination by maintaining the laser pulse 



76 

 

 
 
 

 

 

 

fluence within the linear regime of the photocurrent response (0.05-0.9 µJ cm-2). In this 

range, the influence of non-geminate recombination is restricted prior to charge extraction. 

 

Figure 28: Schematic illustration of the working principle and the typical signal output of our TDCF setup. 

Figure reprinted from [79], with the permission of AIP Publishing. 

Samples are measured under vacuum to avoid degradation and the device area is kept at 1 

mm2 to reduce the RC response time. The 532 nm excitation pulses are provided by an 

actively Q-switched sub-ns Nd:YVO4 laser (InnoLAS Picolo AOT) operating at 5 kHz. 

Pre-biases and extractions biases are provided by a Keysight S1160A function generator 

and the current response is measured by a digital oscilloscope.  
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Chapter 4: Identifying Polymorphs of a low-bandgap Semiconducting 

Polymer 

The article “Impact of polymorphism on the optoelectronic properties of a low-bandgap 

semiconducting polymer" was published in Nature Communications and is available online 

since June 28th, 2019. The article is adapted with permission from reference [80]. 

Copyright (2019) Springer Nature Publishing AG. 

4.1 Research Motivation 

Polymorphism is the ability of a compound to adopt multiple packing motifs in the solid 

or aggregated state and has important consequences in chemistry, physics, material science, 

and biology.[81] Among organic semiconducting materials, considerable progress in 

understanding polymorphism has been made using single crystals of conjugated small 

molecules.[82-86] It was found that a slight change in crystal packing critically affects the 

charge transport in electronic devices.[86] Traditionally the structure-property relations of 

organic semiconductors are mainly studied via chemical modifications such as 

regioregularity control and side chain engineering.[87, 88] In comparison, polymorphs 

provide an ideal platform for such investigations by excluding the influence of chemical 

modification. Polymorphism of conjugated semiconducting polymers has been reported for 

few polymers.[89-97] In most conjugated polymers, an amorphous “spaghetti-like” phase 

(α) typically coexists with an aggregated phase (β) composed of relatively ordered 

crystalline regions.[98] The β phase originates from strong intermolecular interactions 
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between functional units or aromatic rings in the polymer backbone.[99] The transition 

between the amorphous α and semi-crystalline β phases of conjugated polymers, such as 

in polyfluorenes, can be realized via thermal treatment[100] or by using mixtures of good/ 

poor solvents.[101-103] A comprehensive investigation of polymorphism of the semi-

crystalline β phases of conjugated polymers has not yet been achieved. One prominent 

example that grants access to two different semi-crystalline polymorphs is formed by 

poly(3-alkylthiophene)s, whose solid state structure can be controlled by the evaporation 

rate of solvent,[104] exposure to solvent vapors,[105] molecular weight,[106] and thermal 

annealing.[107] The first polymorph found in most occasions exhibits an end-to-end 

packing of the lamellae, while the second one has interdigitated side chains with a reduced 

lamellar spacing, as confirmed using X-ray measurements.[108] From the aspect of 

spectroscopy, two H-type aggregates in solution were identified at extremely low 

temperature for poly(3-hexylthiophene) by Franck-Condon analyses of emission 

spectra.[109] Another example of polymorphism has been found for the naphthalene 

diimide based copolymer (P(NDI2OD-T2)) that shows an extra absorption peak at longer 

wavelengths when dissolved in a poor solvent, indicating the formation of a secondary 

aggregated phase.[99] Other signs of polymorphism were found for conjugated polymers, 

blended with polyethylene oxide (PEO) which afforded differences in the optical 

absorption before and after treatment with water.[110] Generally, the magnitude of the 

changes in optoelectronic or thermal properties depends on the structural differences 

between the polymorphs. Polymorphism in aggregated phases can also be obtained in solid 

films, but post-treatment or particular growth methods are prerequisites.[111, 112] 
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However, these reports lack detailed spectroscopic and structural characterizations, which 

could reveal the role of polymorphism in the structure-property relations and, more 

importantly, in the optoelectronic property in electronic devices. In this contribution, two 

aggregated, semi-crystalline phases (β1 and β2) of a diketopyrrolopyrrole (DPP) based 

polymer[113] are generated by precisely tuning the solvent quality. Both polymorphs can 

be formed in solution and in the solid state. The β2 phase possess a lower optical band gap, 

demonstrating a more delocalized wave function. The steady-state and time-resolved 

photoluminescence (PL) of polymer solutions reveal that the three phases, namely α, β1 

and β2, can coexist with excited state lifetimes of 29 ps, 78 ps, and 129 ps, respectively. 

The extended chain conformation of the newly induced β2 phase in solution is retained in 

thin films, as confirmed by both UV-vis-NIR absorption and PL measurements. Compared 

to β1, the β2 phase possesses a slightly smaller π-stacking distance but has identical 

lamellar spacing. The field-effect mobility of the β2 phase is higher than that of β1, likely 

due to the reduced π–π stacking. In bulk heterojunction solar cells, a clear contribution of 

the β2 polymorph to the external quantum efficiency (EQE) is observed via a long-

wavelength peak. This study proposes a simple approach for tuning the polymorphism of 

conjugated polymers in both solution and solid state, and the characterization provides 

insights into the structure-property relation of nextgeneration devices for plastic 

electronics. 

4.2 Results 

4.2.1 Polymorphism in Solution 
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DPP based polymers are a versatile class of organic semiconducting materials, whose 

optical properties can be manipulated from small (1.13 eV) to wide band gaps (1.77 eV) 

by modifying the aromatic substituents and π−conjugated segments.[114-116] Typically, 

the UV-vis-NIR absorption spectra of DPP based polymers exhibit an intense first (0–0) 

vibronic absorption band and a less intense vibronic progression at shorter wavelengths 

indicative of J-type aggregates.[117] As shown in Figure 29a, the absorption spectrum of 

DPDPP4T-HD shows 0–0 and 0–1 vibronic peaks in dilute chloroform (CF) solution at 

770 and 700 nm, respectively, together with a band at 424 nm due to a higher energy 

electronic state. Compared to the amorphous phase (denoted as α) in which the polymer is 

molecularly dissolved, this aggregated phase is termed β1. The intensity of the 0–0 peak 

gradually decreases with the addition of 1,2,4-trichlorobenzene (TCB) to the CF solution, 

without affecting the 0–1 peak. With increasing TCB content, the steady-state 

photoluminescence (PL) spectra reveal a reduced emission of the β1 phase at 816 nm, with 

a simultaneous increase of the emission of the α phase at 744 nm. From the PL spectra we 

determine that in pure CF the α phase concentration is negligible because only β1 emission 

is observed with excitation at 700 nm, and emission of α phase at 740–750 nm is absent 

(black line in upper panel of Figure 29b). These changes suggest a transition from the 

ordered β1 phase in CF to the amorphous α phase upon adding TCB. When the CF:TCB 

ratio decreases to 1:1, the intensity of the 0–0 absorption peak becomes identical to that of 

the 0–1 peak. Surprisingly, when the CF:TCB ratio reaches 1:9, a completely new 

absorption peak emerges at 870 nm, accompanied by an additional emission peak at 890 

nm (Figure 29a, b). Such change in both absorption and PL points to the formation of a 
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second aggregated phase (β2). The red-shifted absorption and emission of the β2 phase 

suggest that its wave functions are more delocalized, either by a decrease of intrachain 

disorder or by enhanced interchain interactions. Upon increasing the temperature of 

solutions containing mainly the β1 phase or β2 phase, their UV-vis-NIR absorption spectra 

exhibit an initial blue shift of the onset of absorption (Figure 30), followed by 

transformation into a featureless absorption band in a narrow temperature range, 

characteristic of the α phase in which intermolecular interactions are absent, followed at 

still higher temperature by a gradual spectral shift to lower wavelengths that can be 

interpreted as being the result of increased conformational freedom (interring rotation) of 

the polymer backbone.[118-120] 

 

Figure 29: Optical absorption and steady-state emission spectra of D-PDPP4T-HD in CF/TCB. a,b, UV-vis-

NIR absorption and steady-state photoluminescence spectra of D-PDPP4T-HD solution in CF/TCB mixtures. 

The volume ratio (v/v) of CF and TCB is 1:0, 9:1, 2:1, 1:1, 1:2, 1:9 and 0:1, respectively. The polymer 
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concentration is 0.4 µM in all cases. The grey area in (a) represents the absorption spectrum of the amorphous 

phase (α) in pure TCB at 100 °C (Supplementary Fig. 3). The characteristic peaks of the first (β1) and the 

second (β2) aggregated phases are indicated by purple and green frames, respectively. c, The component 

contribution of each phase as a function of the TCB content, as inferred from the MCR-ALS deconvolution 

of the UV-vis-NIR spectra. Process I in (c) indicates the β1 → α transformation when TCB content increases 

from 0% to 67%; process II indicates the α → β2 transformation when the TCB content increases further 

from 67% to 100%. d, Chemical structure of D-PDPP4T-HD. e, Schematic illustration of polymorphism 

transitions of D-PDPP4T-HD. 

 

Figure 30: Temperature dependent UV-vis-NIR absorption in solution. a, DPDPP4T-HD in 1,2-

dichlorobenzene (o-DCB) showing the β1 → α transition with increasing temperature. b, D-PDPP4T-HD in 

1,2,4-trichlorobenzene (TCB) showing the β2 → α transition with increasing temperature. The transitions 

occur in narrow temperature ranges, typical of phase transitions and are followed by smaller gradual spectral 

shifts to lower wavelengths that can be interpreted as being the result of increased conformational (interring 

rotation) freedom. 

To quantify the phase evolution, the UV-vis-NIR absorption spectra recorded for D-

PDPP4T-HD solutions as function of CF: TCB ratio are deconvoluted by applying 

multivariate curve resolution alternating least squares (MCR-ALS) analysis,[121, 122] to 

an augmented matrix comprised of the absorption spectra of each sample (solvent ratio). 
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Singular value decomposition (SVD) was applied to estimate the number of components 

present in the data matrix. Several constraints were applied to the analysis such as non-

negativity of absorbance and concentration. Furthermore, the spectrum of one component 

was fixed to the absorption spectrum of α (in TCB at 80 °C), while the input spectra of the 

other two components were kept unknown (NaN).  The spectral weights of the three phases 

are shown in Figure 29c while the experimental and reconstructed absorption spectra for 

PDPP4T-HD in CF:TCB at different volume ratios are presented in Figure 31. By gradually 

adding TCB to CF from 0 vol.% (1:0) to 66.7 vol.% (1:2), the concentration of the β1 phase 

continuously decreases, accompanied by a simultaneous increase of the α phase 

contribution, demonstrating the β1 → α transformation (process I in Figure 29e). The 

enhanced emission of α (Figure 29b) confirms this β1 → α transition. Eventually, more 

TCB (1:9 and 0:1) reduces the contents of α and β1 phases to the point that they almost 

cease to be present, while the new β2 phase appears. At the highest TCB concentrations 

(1:9 and 0:1), the β2 phase dominates and only emission of the β2 phase is observed in the 

PL spectra (Figure 29b). 
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Figure 31: Deconvolution of α, β1 and β2 components in mixed solutions. Multivariate curve resolution 

alternating least squares deconvolution of D-PDPP4T-HD polymorphs in chloroform:1,2,4-trichlorobenzene 

(CF:TCB) solutions. The absorption spectrum of  (in TCB at 80 °C) is used as input, and the concentration 

of β1 is forced to zero for 0:1. a, Deconvoluted spectra for α, β1 and β2 phases. Experimental and 

reconstructed spectra for DPDPP4T-HD in CF:TCB at volume ratios: b, 1:0; c, 9:1; d, 2:1; e, 1:1; f, 1:2. g, 

1:9; h, 0:1 
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To study the luminescence properties of the three polymorphs of D-PDPP4T-HD, we 

performed time-resolved photoluminescence (TRPL) measurements on dilute CF:TCB 

solutions. First, the two aggregated phases, β1 and β2, are investigated using excitation at 

800 nm, i.e., without exciting the α phase. Figure 32a confirms that in the pure CF and 

TCB only one phase is present, i.e., only β1 (λem = 825–840 nm) for 1:0 and only β2 (λem 

= 870–890 nm) for 0:1. The corresponding PL kinetics are fitted with mono-exponential 

decays, and fluorescence lifetimes of 78 ps for β1 and 129 ps for β2 (Figure 32b) are 

determined. The PL lifetime of α phase (29 ps) was determined in a TCB solution at 100 

°C (Supplementary Figure 35). The possibility of interaction between the two aggregated 

phases, β1 and β2, was investigated by time-resolved PL experiments at the onset of β2 

formation. At a ratio of 3:7 (70% TCB) only a tiny amount of β2 is seen in the UV-vis-

NIR absorption, and β1 is the dominant aggregated phase (Supplementary Figure 38). At 

this critical ratio of 3:7, both emission peaks of β1 and β2 are clearly observed in the PL 

spectrum (Figure 32a). At the 3:7 ratio, average PL lifetimes of 68 ps (λem = 835 nm) for 

β1 and 125 ps (λem = 880 nm) for β2 are found using bi-exponential fits (Supplementary 

Figure 36 and Supplementary Table 1). These values are almost identical to the PL 

lifetimes of the pure aggregated phases, indicating that there is no, or very little, excited 

state energy transfer from β1 to β2. This indicates that the transformation of β1 into β2 

does not occur within the aggregated phase (i.e., β1 ↛ β2), because in such case the close 

contact between the two phases should result in excited state energy transfer. Instead, the 

β2 phase is formed via the molecularly dissolved amorphous α phase (i.e., β1 → α → β2). 

This is also supported by the temperature dependent UV-vis-NIR absorption spectra that 
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show β1 → α and β2 → α transitions, but no indication of a β2 → β1 transformation (Figure 

30). Further experiments for different solvent ratios (Supplementary Figure 36, Figure 37, 

and Figure 39 and Supplementary Table 1, Table 2 and Table 3) also did not reveal any 

sign of energy transfer among α, β1 and β2. This indicates that in solution the phases are 

beyond the Förster radius (on the order of 5 nm) of each other.  

 

Figure 32: Time-resolved photoluminescence in mixed solvents. a Normalized time-resolved 

photoluminescence (TRPL) spectra recorded at various time delays for a solution of D-PDPP4T-HD in 1:0, 

3:7 and 0:1 (v/v) of chloroform:1,2,4-trichlorobenzene (CF:TCB). The polymer concentration is 0.4 µM. 

Excitation was performed at 800 nm with 80 MHz laser pulse repetition rate. A 808 nm long-pass filter was 

used to suppress the scattered laser pulse. b Emission dynamics of α phase from 0:1 solution at 100 °C with 
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λex = 400 nm and λem = 815–865 nm, β1 phase from 1:0 solution with λex = 800 nm and λem = 825–840 

nm, and β2 phase from 0:1 solution with λex = 800 nm and λem = 870–890 nm. 

4.2.2 Polymorphism in the Solid State 

Interestingly, polymer chains of D-PDPP4T-HD partly resemble their solution polymorph 

in the solid state. Figure 33 shows the optical absorption and steady-state PL spectra of D-

PDPP4T-HD thin films spin-coated from solutions with various CF:TCB ratios. Small 

amounts of TCB are able of generating the β2 phase in the solid state. Only pure CF leads 

to the formation of a pure β1 phase. This can be attributed to the much higher boiling point 

of TCB (214 °C) compared to CF (61 °C) and the corresponding difference in vapor 

pressure (197 vs. 0.46 mm Hg at 25 °C).[123] Hence, at the final stage of film formation 

during spin-coating, a highly concentrated liquid-like film is formed with TCB as the main 

solvent, since CF has evaporated. At that stage TCB controls the film formation and thus 

the morphology. Although the emission peak of the β1 phase is red-shifted from 816 nm 

for solutions to around 860 nm for solid thin films, the emission peak of β2 phase remains 

at the same position (890 nm), as shown in Figure 33b. Interestingly, the film with the β2 

polymorph can be transformed back into β1 by processing CF over the film. As shown in 

Figure 33c-e this feature enables patterning of the β1 and β2 phase in films, creating a 

location-dependent functionality. 
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Figure 33: Optical absorption and steady-state emission spectra of thin films. a UV-vis-NIR absorption of 

D-PDPP4T-HD thin films spin-coated from chloroform:1,2,4-trichlorobenzene (CF:TCB) solutions with the 

polymer concentration of 3 mg mL−1 . The characteristic peaks for the β1 and β2 polymorphs are indicated 

by purple and green frames, respectively. b Corresponding steady-state PL spectra. c A polymorph pattern is 

realized by locally exposing a TCB spin-coated (β2 phase) film to chlorobenzene (CB). d Schematic 

illustration of the set up used to measure the polymorph pattern, where 860 nm light with a beam radius of 

0.5 mm is used. e Transmitted light at 860 nm as a function of position. The red dash line (4.22 μA) indicates 

the current measured for bare glass without polymer film. 

4.2.3 Effect of Polymorphism in Solar Cells 

It is of interest to evaluate if the two semi-crystalline polymorphs β1 and β2 can be 

identified in donor-acceptor bulk-heterojunction organic photovoltaic (OPV) cells with 

DPDPP4T-HD as the donor polymer and [6,6]-phenyl-C71-butyric acid methyl ester 

([70]PCBM) as acceptor material. To study this, conventional configuration 

(ITO/PEDOT:PSS/D-PDPP4T-HD: [70]PCBM/LiF/Al) solar cells are fabricated. β1–only 

devices fabricated using pure CF afford a very low short-circuit current density (Jsc, 

integrated from the external quantum efficiency (EQE) with AM1.5 G solar spectrum) of 

2.6 mA cm−2 and a power conversion efficiency (PCE) of only 1.2%, due to a coarse phase 
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separation between D-PDPP4T-HD and [70]PCBM (Figure 34). In solar cells processed 

with TCB as co-solvent, spinodal demixing is fully suppressed and the β2 phase is present. 

After optimization, the TCB concentration for the best device is 8% (Supplementary Figure 

40). As shown in Figure 34a, the current density of solar cells processed from CF with 8% 

TCB is almost 5-fold higher than that processed from neat CF, resulting in a significant 

improvement in PCE from 1.2% to 6.4%. Transmission electron microscopy (TEM) 

images reveal the fibrillar microstructure (inset of Figure 34a), which facilitates exciton 

diffusion and charge separation. Furthermore, the EQE in the wavelength range from 820 

to 900 nm reaches 0.4, which originates from β2 phase (Figure 34b). Diphenyl ether (DPE) 

as co-solvent (2% in CF) is also capable of suppressing coarse phase separation and 

generating the β2 phase, but the EQE at 860 nm (EQE860) is only half of the TCB (8% in 

CF) sample, as shown in Figure 34b. The resultant 2% DPE device provides a PCE of 

6.2%, confirming that the β2 phase has a significant contribution to the OPV performance.  
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Figure 34: Solar cell characterization with β1 and β2 D-PDPP4T-HD polymorphs. a, J-V characteristics of 

D-PDPP4T-HD:[70]PCBM solar cells under simulated AM1.5G (100 mW cm−2) illumination (solid lines). 

The dash lines indicate the dark current. The insets are the corresponding TEM images with the scale bar of 

500 nm. b, Corresponding EQE spectra. 

4.3 Discussion and Conclusions 

Polymorphism of the aggregated phases of a low-bandgap conjugated polymer, namely D-

PDPP4T-HD, is identified in solution and in the solid state. The utilization of TCB as 

solvent or cosolvent results in the formation of a second aggregated phase (β2) with a 

distinct absorption peak at around 870 nm. Luminescence lifetimes of 29 ps, 78 ps, and 

129 ps are determined by timeresolved PL spectroscopy for α, β1, and β2, respectively. 

The PL quantum yield of the β2 phase is more than 30-fold higher than that of β1. In the 

solid state, the aggregated phase, observed from solution, is retained. The spectroscopic 

and electronic device performance of thin films with two different aggregated phases have 

been explored. (1) Compared to β1, β2 has a new 0–0 absorption peak at 870 nm, 
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accompanied by an additional emission peak at 890 nm. The corresponding optical 

bandgap is decreased to 1.37 eV. (2) The additional absorption of β2 in the near-infrared 

region enhances the photovoltaic performance of polymer solar cells. The strategy for 

polymorphism control reported in this study is compatible with automated and large scale 

deposition methods such as ink-printing and roll-to-roll techniques. Interestingly, the 

results indicate that programmable inks with only one polymer can be designed to pattern 

different polymorphs for electronic devices, creating location-dependent functionalities. 

On the other hand, D-PDPP4T-HD can be a good candidate for switchable photodetectors 

and/or phototransistors in the near-infrared region, due to its tunable ability of light 

absorption. These results offer us a further understanding of the role of polymer 

polymorphism in structure-property relations in plastic electronics. 

4.4 Supplementary Information 
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Figure 35: Time-resolved photoluminescence. D-PDPP4T-HD in 1,2,4- trichlorobenzene (TCB) solution at 

100 °C. Excitation was performed at 400 nm with 80 MHz laser pulse repetition rate. A 808 nm long-pass 

filter was used to suppress the scattered laser pulse light. 

 
Figure 36: Time-resolved photoluminescence in solution. D-PDPP4T-HD in chloroform:1,2,4-

trichlorobenzene (CF:TCB) mixtures. a, 1 region (em=835 nm) and 2 region (em=880 nm) of 3:7 
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solution with ex=800 nm. b, α region (em=765-775 nm) of 1:9 (black) and 0:1 (grey) solutions with 

ex=700 nm and a 750 nm long-pass filter. At the highest TCB concentrations (1:9 and 0:1), the emission 

kinetics of the  phase (em=765-775 nm) in the presence of 2 are detected with 700 nm excitation. The 

photoluminescence lifetimes of 29 ps for 1:9 and 30 ps for 0:1 are the same as the neat  phase (29 ps, 

Supplementary Figure 35), indicating that there is also no energy transfer between  and 2 under these 

conditions (Supplementary Figure 36 and Figure 39f,g, Supplementary Table 2 and Table 3). 

 
Figure 37: Time-resolved photoluminescence in solution. D-PDPP4T-HD is in chloroform:1,2,4-

trichlorobenzene (1:3). The bi-exponential fitted decay shows the lifetime of 71 ps for β1 (em=835 nm) and 

124 ps for β2 (em=880 nm), further confirming that there is no energy transfer between β1 and β2. 
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Figure 38: Optical properties near the critical solvent ratio. a, UV-vis-NIR absorption spectra of D-PDPP4T-

HD in chloroform (CF) with 1,2,4-trichlorobenzene (TCB). b, Corresponding steady-state 

photoluminescence spectra. Starting from 70% TCB, the generation of β2 is observed. 
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Figure 39: Time-resolved photoluminescence of D-PDPP4T-HD. Normalized PL spectra recorded at various 

time delays of D-PDPP4T-HD in chloroform:1,2,4-trichlorobenzene (CF:TCB) solvent mixtures at volume 

ratios of a, 1:0; b, 9:1; c, 2:1; d, 1:1; e, 1:2. f, 1:9; g, 0:1. The polymer concentration is 0.4 µM in all cases. 

h,i,j,k,l,m,n are the corresponding kinetics, with  region integrated between 760 and 770 nm, 1 aggregation 

region integrated between 780 and 830 nm, and 2 aggregation region integrated between 850 and 900 nm. 

Solutions were excited with 700 nm pulses at 80 MHz. A 750 nm long-pass filter was used to cut the scattered 

laser pump. 

 

Figure 40: EQE spectra of D-PDPP4T-HD:[70]PCBM solar cells. a, Cells fabricated with different amount 

of TCB as co-solvent in CF. b, Cells made with different mixtures of DPE and TCB as co-solvents in CF. 

Table 1: Summary of average lifetime of aggregated phases at critical CF/TCB solvent ratio at 800 nm 

excitation wavelength. 

 1 region (835 nm) 2 region (880 nm) 

 A1 1 (ps) A2 2 (ps) ave (ps) A1 1 (ps) A2 2 (ps) ave (ps) 

70%TCB 0.513 37.2 0.519 98.6 68.1 0.295 61.6 0.717 150.4 124.5 

75%TCB 0.479 32.8 0.544 104.7 71.0 0.302 65.2 0.689 150.2 124.3 

Note:ave = (A1×1+A2×2)/(A1+A2) 

Table 2: Summary of average lifetime of α at different emission ranges in TCB at 100 °C at 400 nm excitation 

wavelength. 
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 A1 1 (ps) A2 2 (ps) ave (ps) 

815-865 nm 1.084 24.8 0.013 358.5 28.7 

835 nm 1.131 26.1 0 0 26.1 

840-890 nm 1.113 26.4 0 0 26.4 

Note:ave = (A1×1+A2×2)/(A1+A2) 

Table 3: Summary of average lifetime of α in the presence of β2 at room temperature at 700 nm excitation 

wavelength. 

CF/TCB A1 1 (ps) A2 2 (ps) ave (ps) 

1:9 1.072 29.1 0 0 29.1 

0:1 1.040 26.4 0.027 148.2 29.5 

Note:ave = (A1×1+A2×2)/(A1+A2) 
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Chapter 5: Direct and Energy-Transfer Mediated Charge Transfer State 

Dynamics in Donor-Spacer-Acceptor Dyads 

The article “Direct and Energy-Transfer Mediated Charge Transfer State Formation and 

Recombination in Triangulene-Spacer-Perylenediimide Multichromophores: Lessons for 

Photovoltaic Applications" was published in the Journal of Physical Chemistry C and is 

available online since June 26th, 2019. The article is reprinted (adapted) with permission 

from reference [77]. Copyright (2019) American Chemical Society. 

5.1 Research Motivation  

Photoinduced electronic energy-transfer (ET) and charge transfer (CT) processes are of key 

interest in photosynthesis,[124-126] photocatalysis,[127, 128] organic light emitting 

diodes,[129, 130] organic photovoltaic cells,[131-137] and many related photophysical 

phenomena where long-distance charge separation is essential.[42, 138-141] These 

processes are, however, rather intricate already in simple molecular donor-acceptor type 

dyads,[142-144] where ET can proceed via the CT state, enabling fast energy transfer 

between the donor and the acceptor units even with orthogonal transition dipoles.[145] 

Moreover, Förster or Redfield theories, which are successful in describing long-range EET, 

cannot rationalize it in small molecular dyads with large electronic couplings between the 

states.[146-148] The situation is even more complex in symmetric donor-acceptor-donor 

(DAD), or acceptor-donor-acceptor (ADA) triads, where also the symmetry of the charge 

transfer state depends on the strength of the electronic coupling between donor and 
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acceptor units and stabilization by the environment.[149, 150] The molecular structure can 

therefore be used to control the charge transfer mechanism by, e.g., varying the length of 

the conjugated spacer, thereby controlling the coupling between the donor and acceptor in 

the multichromophor.[138]   

The precise mechanism of charge transfer and separation in donor-acceptor systems as 

nowadays used in organic solar cells is still a matter of debate. In this regard, an open 

question is the optimum distance between donor and acceptor that ensures complete charge 

transfer and separation, while simultaneously suppressing charge-transfer state (geminate) 

recombination. Donor-spacer-acceptor molecules with varying spacer lengths between the 

donor and acceptor moieties are ideal test systems, as they allow to study the effect of 

donor-acceptor separation without the complexity of intermolecular interaction typical for 

a bulk heterojunction or even single-component OSCs.[151-154]  

Previous works demonstrates that increasing the donor-acceptor spatial separation slows 

down charge generation and recombination due to a distance-dependent superexchange 

charge tunneling mechanism. Furthermore, it has been shown that a transition to a weakly 

distance-dependent charge transport regime is possible at increased donor-acceptor 

separation. This mechanism corresponds to a thermally-activated charge hopping process 

between spacer units.[42, 138, 155-157] Gorczak et al.[158] observed the same distance-

dependent behavior for hole transfer, while the electron transfer process was faster and 

distance-independent. They explained the imbalance of the two processes by differences in 

delocalization of the initial excitations. Intramolecular energy transfer was also 
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investigated in donor-spacer-acceptor systems and shown to be distance-dependent.[159] 

Kölle et al.[160] studied charge and energy transfer processes in PDI dyads through 

polyyne spacers with varying length. However, up to now an in-depth study revealing the 

effect of energy transfer on the efficiency of sequential charge generation has not been 

presented.          

More specifically, with the recent development of non-fullerene acceptors,[161-169]  

energy transfer competing with charge transfer between the donor and acceptor moieties 

has to be considered as well.[170, 171] Again, molecular DA systems can be tailored to 

have both energy and charge transfer, depending on the energetics of the donor and acceptor 

building blocks, in turn allowing to study both processes in one molecular system.[172-

174] A better understanding of the photophysics in a well-controlled DA multichromophore 

could help to further fine-tune the efficiency boost brought to the OSC field by non-

fullerene acceptors.  

Of particular interest in charge transfer systems such as OSCs is the ratio of two rates, the 

rate of intramolecular generation of a charge transfer (CT) state to its non-radiative 

recombination rate, k(e*→ct)/k(ct→g). Indeed, in the stationary case and as long as we can 

neglect electron back-transfer from the CT to the primary excited state and the 

recombination of the primary excited state itself, p(e*)k(e*→ct)=p(ct)k(ct→g), where p(e*) is the 

population of molecules in the primary excited state and p(ct) is the population of molecules 

in the charge transfer state. This ratio is effectively a measure of the charge generation 

efficiency irrespective if the process is an electron transfer, hole transfer, or hole 
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(back)transfer after energy transfer (two-step process). Since the internal quantum 

efficiency is proportional to p(ct)/p(e*), we can improve the total efficiency of the solar cell 

by increasing this ratio, e.g., by varying the distance between the electron donor and 

acceptor.  

Though both rates are expected to decrease with the spacer length, it is difficult to predict 

whether their ratio decreases or increases with the length. Furthermore, the rates could be 

different for direct hole-transfer or sequential energy and hole transfer from the donor to 

the acceptor, if other electronic or vibronic states are involved. To address these questions, 

we designed and synthesized a series of symmetric donor-spacer-acceptor-spacer-donor 

model arrays with different oligophenylene spacer length, varying from one up to four 

phenylene groups, as depicted in Figure 41. All molecules are comprised of a perylene-

diimide (PDI[175]) electron acceptor. In addition to varying the spacer length, the donor 

strength is altered as well. Precisely, the PDI acceptor is either linked to two triangulene 

(N-heterotriangulene: dimethylmethylene-bridged triphenylamines) or two thiotriangulene 

(NS-heterotriangulene: dimethylmethylene- and thio-bridged tripenylamines) electron 

donating donor moieties. Both triangulene donor units, namely the N-heterotriangulene (T) 

and NS-heterotriangulene (TT), resemble triphenylamine, a common building block used 

in organic semiconductors as electron donor and / or charge (hole) transport moiety. We 

note that the thiotriangulene’s reduction potential is about 100 meV higher (closer to the 

vacuum level) than that of triangulene itself. Compared to triphenylamine, the triangulene 

(and heterotriangulene) structures are more planar due to the bridging carbon (or Sulphur) 
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atoms, in turn allowing closer intermolecular packing and thereby facilitating charge 

transport. The (thio)triangulene donor is spatially separated from the electron acceptor PDI 

by oligophenylene spacers of different length: TT-Ph-PDI has one phenylene, while T-

(Ph)2-PDI and T-(Ph)4-PDI employ two and four para-oligophenylenes as spacer units, 

respectively. Although the individual phenylene rings are conjugated, experimentally 

measured absorption spectra as well as density functional calculations show that the large 

twisting angle between successive rings interrupts the conjugation between the donor and 

acceptor units. Using ultrafast transient absorption (TA) spectroscopy we investigate the 

effects of increasing spacer length on the generation and recombination rates of 

intramolecular CT states following photoexcitation of either the acceptor or donor by 

monitoring the spectral evolution of the primary photoexcitation (local exciton) and 

intramolecular CT states in diluted dichloromethane (DCM) solutions. We apply 

multivariate curve resolution-alternating least square (MCR-ALS)[176] to separate the 

component-associated spectra and dynamics of singlet excitons and intramolecular CT 

states and to accurately determine the hole and electron transfer rates and CT state 

lifetimes. 
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Figure 41: Chemical structures of donor-spacer-acceptor-spacer-donor arrays used in this study (TT-Ph-PDI, 

T-(Ph)2-PDI, and T-(Ph)4-PDI) as well as two donor moieties (triangulene and thiotriangulene). PDI core 

(acceptor) is highlighted in red. 

5.2 Results 

5.2.1 Electronic Properties 

The results of cyclic voltammetry (CV) measurements of multichromophores as well as 

the neat triangulene donor and PDI acceptor moieties are summarized in Figure 42 (cyclic 

voltammograms are shown in Supplementary Note 1. Cyclic Voltammetry).  Reduction 

potentials of the three tryads are due to the (thio)triangulene unit. A difference in the 

oxidation potential of about 100 meV between the neat thiotriangulene and triangulene is 

observed, which translates to a difference of about 50 meV in the title compounds (donor-
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acceptor tryads). The oxidation potential is due to the PDI core, and does not change with 

the spacer length. Density functional theory (DFT) calculations further support this: the 

highest occupied molecular orbital (HOMO) is localized on the 

triangulenes/thiotriangulenes, while the lowest un-occupied molecular orbital (LUMO) is 

localized on PDI, as shown in Figure 42 for the compound with the shortest spacer. While 

CV measurements and DFT calculations con-firm the donor-acceptor nature of the 

molecules, no ground state CT formation, i.e., reduction of perylene diimide / oxidation of 

(thio)triangulene, is observed in di-chloromethane. 

 

Figure 42: Reduction (red) and oxidation (blue) potentials as extracted from cyclic voltammetry. 

Localization of the highest occupied (HOMO, red) and lowest unoccupied (LUMO, blue) orbitals shown for 

TT-Ph-PDI indicates that the conjugation between the donor and acceptor units is indeed broken already for 

the shortest spacer. Calculations are performed at the m062x/6-31g(d) level of theory using implicit solvent 

(dichloromethane, DCM). 
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5.2.2 Steady-State Optical Characterization  

UV-Vis absorption and steady-state photoluminescence (PL) spectra were recorded in 

dichloromethane (DCM) at concentrations of 10-5 mol/L. As shown in Figure 43, the 

absorption of the D-A complexes clearly resembles the signatures of its donor and acceptor 

moieties. The 0-0, 0-1, and 0-2 vibronic bands of PDI can be seen at 528 nm, 492 nm, and 

460 nm, while the higher energy absorption bands (wavelengths below 400 nm) clearly 

resemble the absorption of the (thio)triangulene molecules (black lines). However, notable 

differences also exist between the absorption of different DA dyades: in TT-Ph-PDI, the 

high energy absorption is red-shifted compared to that of thiotriangulene, while no such 

shift can be seen in T-(Ph)2-PDI and T-(Ph)4-PDI. In addition, the intensity of the first 

high energy absorption peak at around 370 nm increases with the spacer length. An increase 

and/or red shift of absorption with spacer length in D-spacer-A type molecules has been 

reported previously[159, 177, 178] and can be explained by the delocalization of the 

orbitals across the spacer. This is further supported by TD-DFT calculations: The natural 

transition orbitals of several lowest energy optical transitions in thiotriangulene, 

triangulene, TT-Ph-PDI and T-(Ph)2-PDI are also shown in Figure 43. In all DA 

molecules, the first ‘bright’ excited state (denoted as A, state 1 of TT-Ph-PDI in Figure 

43) corresponds to the first excited state of PDI. The charge transfer state with an electron 

localized on the PDI and a hole on a triangulene has a lower energy (in DCM), but is 

optically inactive (dark) due to the broken conjugation by the spacer between the donor 

and acceptor blocks. Note that the electronic decoupling of the donor and acceptor is due 

to a bridging unit with two methyl groups, which lock its orthogonal orientation with 
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respect to the acceptor. Hence, the acceptor is very well decoupled from the bridge and 

hence from the donor. The entire list of the first ten excited states, their energies, oscillator 

strengths, and natural transition orbitals is given in Supplementary Note 3. TD-DFT of 

excited states. The second bright excited state (denoted as B and C in Figure 43) originates 

from the donor, triangulene. Again, a small red shift with respect to the triangulene itself is 

due to wavefunction delocalization over the spacer. In the case of T-(Ph)2-PDI and T-

(Ph)4-PDI, peak C (states 7 and 8, respectively) corresponds to the lowest energy 

absorption of the triangulene (peak 3, state 1 of triangulene). Peak B of TT-Ph-PDI 

corresponds to an excited state, which is practically non-absorbing in thiotriangulene (state 

2 is responsible for the shoulder 1 of the absorption). In TT-Ph-PDI this state redshifts and 

becomes optically active due to the extension over the spacer (state 9 of TT-Ph-PDI). Since 

each DA dyad has two triangulenes, its molar extinction is doubled in the 300-400 nm 

spectral region of the DA dyad. For the same reason, all excited states corresponding to 

triangulene are doubly degenerate. Overall, none of the ten lowest energy excited states of 

the DA molecules extends over both the PDI and triangulene blocks, indicating a strong 

decoupling due to the out-of-plane twist of the spacer unit. Such conjugation 

breaking,[179-181] together with the alignment of the energy levels of the first optically 

active and charge transfer states, makes these systems very much alike to donor/acceptor 

pairs at heterojunction interfaces of organic solar cells. A clear advantage of D-A-D tryads 

is that the DA intermolecular distance is (chemically) controlled, greatly simplifying the 

analysis of the electro-optical processes. 
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Figure 43: UV-Vis absorption spectra (solid lines) and fluorescence (dashed-dotted lines) of TT-Ph-PDI 

(blue) and thiotriangulene, T-(Ph)2-PDI (red) and triangulene, and T-(Ph)4-PDI (green) and triangulene 

measured in dilute solutions, together with the natural transition orbitals of TT-Ph-PDI, T-(Ph)2-PDI, and 

the individual triangulene molecules. First ten orbitals for all compounds are shown in the Supporting 

Information. 

5.2.3 Excited and Charge Transfer State Dynamics 

To further investigate the fate of the PDI excited state, transient absorption (TA) spectra of 

a dilute solution of TT-Ph-PDI (10-5 mol/L in DCM) were recorded for delay times in the 
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ps-ns range after selective excitation of the PDI at 490 nm. The TA spectra, shown in 

Figure 44a, consist of three main features assigned by comparison with independent 

reference measurements from other spectroscopy techniques, shown in Figure 44b. First, 

from 2.32 to 3.0 eV, a positive differential transmission signal matching the steady-state 

UV-Vis absorption of PDI (solid line) is attributed to the ground state bleach (GSB) of the 

acceptor part of the molecule. Second, between 1.85 and 2.30 eV, a positive TA signal is 

observed only at early time delays and ties to the PL emission obtained by steady-state PL 

(dotted line) experiments. Thus, these bands are assigned to stimulated emission (SE). 

Third, below 1.9 eV, a negative signal due to excited state absorption (ESA) is observed. 

The evolution of the TA spectra reveals that a transition occurs between two states. These 

two states are observed by monitoring the spectral region of SE, shown in Figure 44c. 

Here, we focus on this spectral region as it shows a clear and fast transition. We first 

observe the initial SE signal including the 0-1 and 0-2 PDI vibronic peaks of emission from 

PDI excitons. These peaks decay fast within the first 8 ps, and evolve to a broad negative 

ESA signal, which is significantly longer-lived. The TA kinetics of SE and ESA regions are 

compared in Figure 44d and clearly show different dynamics. We assign the positive SE 

signal to the primary photoexcitation, i.e., PDI excitons, since the SE signal reflects the 

population of PDI excitons as seen in Figure 44b. The negative longer-lived ESA signal is 

assigned to absorption from intramolecular CT states, as the spectral signatures of these 

long-lived bands match those of PDI anions. The spectrum of PDI anions, measured by 

photo-induced absorption (PIA) and presented in Figure 44b, clearly exhibits the same 
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ESA bands at 1.3, 1.5, and 1.68 eV as the ESA observed in TA after a few picoseconds 

(after the decay of PDI excitons). We therefore conclude that the observed evolution of the 

TA spectra can be attributed to hole transfer from the photoexcited PDI to the 

thiotriangulene (see Supplementary Note 5. Photo-induced absorption for more details 

about the extraction of the PIA spectrum). 

 

Figure 44: (a) Transient absorption (TA) spectra of TT-Ph-PDI in solution (10-5 mol/L) photo-excited at 

490 nm (excitation density 53 µJ/cm2) (b) Reconstruction of TA spectra using UV-Vis absorption (black 

line), PL emission (blue line) and PIA spectrum of poly(3-hexylthiophene):PDI (pink line). (c) Spectral 

evolution from SE to ESA in TT-Ph-PDI. (d) TA kinetics of SE region (inte-grated between 1.9 and 2.13 eV) 

and ESA region (integrated be-tween 1.25 and 1.75 eV). 

We de-convoluted the TA spectra dynamics into PDI excitons and intramolecular CT-states 

using multivariate curve resolution (MCR) analysis as explained in the Supplementary 

Note 6. Multivariate curve resolution alternating least squares analysis (MCR-ALS). The 

component spectra of the MCR analysis match the previously reported spectra of PDI* 
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(excitons) and PDI anions, supporting that two states are observed.[42, 158, 182] MCR 

analysis confirms that we observe two dominating processes upon PDI excitation: hole 

transfer from the PDI excited state [a*] to the thiotriangulene, forming the charge transfer 

[ct] state, and the charge transfer state decay back to the ground state. To extract the charge 

transfer and charge recombination rates, we used a minimalistic set of rate equations[143, 

183] for a three-state system, depicted in Figure 45. We omitted back-transfer of the hole 

from thiotriangulene to PDI, since the ionization energy offsets between thiotriangulene 

and PDI are larger than 0.5 eV, that is, well above the thermal activation energy.[184] The 

fluorescence decay of PDI chromophores was also neglected, since the PDI fluorescence 

decay rate in dichloromethane is of the order of ∼ 2.5 × 108s−1,[185, 186] thus well below 

the sub-100 ps exciton decay predicted by our MCR analysis. To this end, the forward hole-

transfer rates and recombination rates of CT-states were obtained by applying a global fit 

on the MCR output dynamics using the solution of the rate equations as explained in the 

Supplementary Note 8. Solution of rate equations.   
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Figure 45: Four state model used to fit the experimental data. 𝑘a∗→g and 𝑘ct→g  are the decay rates of excited 

singlet and CT states to the ground state, 𝑘a∗→ct is the hole-transfer rate from the PDI to the triangulene block, 

and 𝑘d∗→a∗ is the energy transfer rate from the donor to the acceptor (PDI) and is only present if donor is 

excited. 

Figure 46 shows the experimentally determined population dynamics of PDI excitons and 

CT states in all three model tryads, together with their fits. The CT state generation and 

recombination rates, as well as their ratios, are summarized in Table 4. In organic solar 

cells, donor and acceptor absorption spectra can complement each other, thereby helping 

to harvest a larger part of the solar spectrum. To gain more insight into the role of the donor 

excitation on the processes occurring at the DA interface, we performed also TA 

measurements following excitation of the donor at 355 nm. Analysis of the TA spectra 

presented in Supplementary Note 7. TA spectra following the donor excitation clearly 
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indicates that an additional process takes place upon donor excitation, and can be assigned 

to the energy transfer from the excited donor to the PDI core.[187] To extract the charge 

transfer and charge recombination rates, we additionally took into account the energy 

transfer process, as illustrated in Figure 45. The corresponding fit of the output of the MCR 

analysis is shown in Figure 46. The rates of energy and hole transfer, as well as charge 

recombination are summarized in Table 4. As expected, the energy transfer rate from T*-

(Ph)4-PDI to T-(Ph)4-PDI* is smaller than from T*-(Ph)2-PDI to T-(Ph)2-PDI*, since the 

donor and acceptor are further apart in T-(Ph)4-PDI. However, the ratio of the rates does 

not obey the Förster rate expression, 𝑘 ∼ 𝑑−6, since the donor and the acceptor are too 

close to each other to justify the dipole-dipole interaction approximation (this would 

theoretically amount to a ratio of ∼ (27/19)6 ≈ 6 as compared to 217/105 ∼ 2 observed 

experimentally). The ultrafast energy transfer in TT-Ph-PDI is a first indication that in this 

multichromophore tryad Dexter-type energy transfer takes place. This conclusion is further 

supported by DFT calculations, which demonstrate that the donor orbitals are partially 

delocalized over the spacer unit closest to them, resulting in a partial direct overlap between 

the donor and acceptor orbitals participating in the energy transfer reaction.   



113 

 

 
 
 

 

 

 

 

Figure 46: Population of PDI excitons (black circles), triangulene excitons (orange rectangles) and 

intramolecular CT-states (blue triangles for TT-Ph-PDI, red triangles for T-(Ph)2-PDI and green triangles for 

T-(Ph)4-PDI) upon acceptor excitation (D-S-A*) and upon donor excitation (D*-S-A). Dynamics of 

thiotriangulene excitons in TT*-Ph-PDI are not shown, since their decay is much faster than the temporal 

resolution of our TA setup. Global fits of equations ex-plained in Supplementary Note 8. Solution of rate 

equations are shown as solid lines. The observed initial rise of the CT state population is due to the excitation 

laser pulse. 

Table 4: Energy transfer, generation and recombination rates of intramolecular CT-states determined by 

fitting the population dynamics of MCR outputs. D-S-A* solutions were photo-excited at 490 nm. D*-S-A 

solutions were photo-excited at 355 nm. Energy transfer, charge generation and recombination rates are 

extracted by fitting the population dynamics of MCR outputs. 

Excitation Energy transfer 𝑘𝑑∗→a∗ 

[× 109s-1] 

Generation 𝑘𝑎∗→ct 

[× 109s-1] 

Recombination 𝑘ct→g 

[× 109s-1] 

 

𝑘𝑎∗→ct

𝑘ct→g 
 

TT-Ph-PDI* - 416 ± 12 99 ± 3 4.2 

T-(Ph)2-PDI* - 62 ± 0.6 4.0 ± 0.04 15.5 

T-(Ph)4-PDI* - 23 ± 0.2 0.11 ± 0.001 209 
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TT*-Ph-PDI > 10000 187 ± 4 47 ± 1.1 4.0 

T*-(Ph)2-PDI 217 ± 5 50.3 ± 1 3.8 ± 0.07 13.2 

T*-(Ph)4-PDI 105 ± 2 17.3 ± 0.3 0.07 ± 0.003 247 

 

5.2.4 Discussions 

Several remarkable observations can be made by comparing the dynamics of CT state 

formation and recombination upon donor and acceptor excitation of the tryads studied here. 

When the donor is excited, the population of CT states in TT-Ph-PDI reaches its maximum 

at around 10 ps and decays to zero at around 200 ps. When the acceptor is excited, these 

values are much smaller, ca 5 ps and 50 ps, respectively, resulting in much higher CT state 

generation and recombination rates in TT-Ph-PDI* as compared to TT*-Ph-PDI. This is 

surprising: in all three multichromophores fast energy transfer takes place, effectively 

converting D*-S-A into D-S-A* prior the CT state formation and recombination. In fact, 

in T-(Ph)2-PDI and T-(Ph)4-PDI the CT state formation and recombination rates are 

practically unaffected by the type of the initial excitations. We excluded degradation by 

UV (355 nm) laser exposure as a reason for varying rates in TT*-Ph-PDI compared to TT-

Ph-PDI* by re-measuring the same sample with 490 nm excitation (Figure 61) after UV 

exposure. Hence, the only remaining explanation of this observation is that the energy of 

the first excited state of the donor (thiotriangulene, TT) is comparable (slightly above, see 

Supplementary Note 3. TD-DFT of excited states) to the second excited state of the 

acceptor (PDI). The second excited state of PDI is, however, a dark state. Consequently, 

Förster-type energy transfer to this state is not possible but, because of the short spacer of 

TT-Ph-PDI, Dexter-type energy transfer to the second excited state can still take place. An 
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immediate implication is that the second CT state can be populated and recombine to the 

ground state, however, now with different generation and recombination rates compared to 

those observed after the direct excitation of the PDI. This can potentially impact the 

performance of OPV devices, where exciton conversion into a higher-lying CT state can 

boost the subsequent transition of the CT to charge separated states, and needs to be 

considered in donor-acceptor systems, in which one or both of the components have higher-

lying dark states. However, the ratio of charge generation/recombination rates for both TT-

Ph-PDI* and TT*-Ph-PDI excitation are the same (see Table 4), implying that populating 

higher-lying dark states does not affect the charge generation efficiency. We note that PDI 

is an often-used building block in the design of novel non-fullerene acceptors, thus similar 

phenomena may occur in OPV blends that use materials based on PDIs.  

To rationalize the dependence of the rates on the spacer length, we employ the Marcus 

expression for the charge transfer rate, 

 𝑘ET =  
2π

ℎ√4𝜋λ𝑘B𝑇
𝐽2exp [−

(λ+Δ𝐺)2

4λ𝑘B𝑇
], 

where ΔG is the driving force, or the free energy difference between the states, J is the 

electronic coupling element, and λ is the reorganization energy. For TT-Ph-PDI, for 

example, the calculations predict for the CT to ground state transition a driving force of 

Δ𝐺ct→g  =  1.04 eV and a reorganization energy 𝜆ct→g  =  1.03 eV. For the a* to CT state 

transition, we obtain Δ𝐺a∗→ct  =  0.003 eV,λa∗→ct  =  0.063 eV. Correspondingly, the ratio 

of Boltzmann prefactors in the rate is 0.54, indicating that the ratio of the HOMO/HOMO 
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to HOMO/LUMO electronic coupling is of the order of 10, since the experimentally 

measured rate ratio for TT-Ph-PDI is ∼4.2. 

 

Figure 47: Semi-logarithmic plot of the charge generation rate (blue squares) and charge recombination rate 

(red circles) as a function of the do-nor-acceptor distance. Centers of mass of the corresponding units are 

used to quantify their separations. Inset: Semi-logarithmic plot of the ratio of the generation rate, kG, and the 

recombination rate kR, as a function of the donor-acceptor distance. 

The calculations show that the driving force for the excited (a*) to CT state slightly 

increases with the spacer length, and so does the reorganization energy. The overall reaction 

barrier, (λ + Δ𝐺)2/4λ, slightly decreases. We can therefore conclude that the main reason 

for the decrease of the CT state generation rate, given in Table 4 and displayed in Figure 

47, is the decrease of the electronic coupling between the donor and acceptor units. For the 

CT to the ground state reaction, the driving force decreases and reorganization energy 

increases with the spacer length. Hence, the CT state recombination slow-down is affected 

by both the increasing barrier and decreasing electronic coupling. This explains an 
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exponential increase of the ratio of the generation and recombination rates, which is 

presented in the inset of Figure 47. 

5.3 Conclusion 

The photophysical studies of properly designed donor-spacer-acceptor-spacer-donor 

systems offer important implications for donor-acceptor heterojunction interfaces and 

organic photovoltaics in general. Firstly, a somehow controversial conclusion is that a 

longer spacer between the donor and acceptor blocks is beneficial for populating charge 

transfer states, in spite of the slowing down of the CT state generation. This effect can be 

used in a bulk heterojunction cell. Indeed, more efficient molecular CT state generation as 

compared to recombination reduces overall geminate recombination in a photovoltaic 

device.[188] In addition, larger donor-acceptor separations lead to smaller Coulomb 

binding energies of CT states and hence facilitate formation of charge separated states from 

charge transfer states, enabling CT state splitting even in a single-component OSC, as 

reported recently.[189, 190] Chemically, this can be realized by shielding groups 

participating in the charge transfer state formation. Care, however, should be taken, since 

steric shielding might also reduce charge mobility in pristine mesophases.  

Secondly, energy transfer between the (electron) donor and (electron) acceptor can even 

take place, if the donor emission and the acceptor absorption spectra overlap, or spatial 

separations between the donor and acceptor are small. For bulk heterojunction OPV, energy 

transfer provides an additional degree of freedom in designing the energy level offsets. 

Indeed, efficient splitting of an excited state requires sizable offsets between ionization 
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energies (acceptor excitation) or electron affinities (donor excitation). If efficient energy 

transfer takes place, say from the donor to the acceptor, then the only requirement is to 

have a large offset of the ionization energy, since the acceptor is solely responsible for 

splitting the excited states.  

Thirdly, it appears that the short-range Dexter-type energy transfer can involve higher 

excited (and, consequently, CT) states, if the spectra of the donor and acceptor are 

complementary. The higher-lying excited states are assumed to be ‘dark’ states, which 

contribute to CT state formation. In fact, this concept could be explored further in novel 

donor – acceptor systems, and used to our advantage, since energetically higher CT states 

can provide larger driving forces for the CT to charge-separated state reactions and hence 

reduce both geminate and non-geminate recombination. 

5.4 Supporting Information 

Supplementary Note 1. Cyclic Voltammetry  



119 

 

 
 
 

 

 

 

0.0

2.0x10-5

4.0x10-5

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

-4.0x10-5

0.0

4.0x10-5

b)

ELUMO = -3.76 eV

C
u
rr

e
n

t 
(A

)

EHOMO = -5.01 eV

a)

Potential (V)

EHOMO = -5.06 eV

ELUMO = -3.50 eV

 

Figure 48: Cyclic voltammetrey of (a) TT-Ph-PDI, (b) T-(Ph)2-PDI. Potential vs. Fc/Fc+. 

Supplementary Note 2. UV-VIS spectrum 
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Figure 49: UV/Vis spectrum of Thiotriangulene in solution (dichloromethane). Solid black graph shows the 

absorption, dashed blue graph the emission spectrum. 
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Figure 50: Photoluminescence spectra of a) TT-Ph-PDI, b) T-(Ph)2-PDI, and c) T-(Ph)4-PDI in solution 

(dichloromethane). Spectra were recorded at different excitation wavelengths. 

Supplementary Note 3. TD-DFT of excited states 

Ground state geometries were optimized using the m062x range-separated functional and 

the 6-311g(d) basis set. All optimizations were performed in the implicit solvent 

(dichloromethane) using the IEFPCM model. Absorption spectra were calculated at the 

same level of theory using non-equilibrium solvation model (PISALR) in which only the 

electronic relaxation is taken into account. All calculations were performed using the 

GAUSSIAN 09 package. 

The first 10 calculated excited states (ordering corresponds to the gas phase calculations) 

have distinct features either of an excited PDI moiety (states 1 and 6), CT states (2, 3, 7, 8) 

or trianguline (states 4 and 5). Adding non-equilibrium (electronic only) stabilization of 

the excited state leads to the re-ordering of the states, in particular the doubly degenerate 

CT state becomes the lowest excited state, followed by the first excited state of PDI. This 

implies that the trianguline is a relatively weak with respect to PDI donor, with the energy 
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offset of ca 0.4 eV. To illustrate the character of the transition, the natural transition orbitals 

are shown in Figure 51, together with excited state energies and oscillator strengths. 
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Figure 51: Natural transition orbitals of the first ten excited states of thiophenoltriangulene, thiotriangulene, 

TT-Ph-PDI, T-(Ph)2-PDI, and T-(Ph)4-PDI calculated at the m062x/6-31g(d) level of theory. 

Supplementary Note 4. Extinction coefficient 
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Figure 52: (a) Extinction coefficient and (b) normalized UV-Vis absorption spectra of dilute solution of the 

three dyads, TT-Ph-PDI (blue), T-(Ph)2-PDI (red), and T-(Ph)4-PDI (green). 

Supplementary Note 5. Photo-induced absorption 
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Figure 53: Photo-induced absorption (PIA) spectra of P3HT:PDI blend 3:1 at various temperatures photo-

excited with 514nm laser at 30 mW. 
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The spectrum of PDI anions (superposed with P3HT cations) obtained by electron transfer 

from photoexcited P3HT and measured by photo induced absorption (PIA) spectroscopy. 

 

Supplementary Note 6. Multivariate curve resolution alternating least squares analysis 

(MCR-ALS) 

Singular value decomposition (SVD) applied to TA datasets of TT-Ph-PDI upon acceptor 

excitation (D-S-A*) estimates that the contributions from two components is sufficient to 

describe the TA dataset. Subsequent MCR-ALS analysis with non-negativity of kinetics as 

the only constraint,[176] is shown in  Figure 54. The component spectra obtained by MCR 

analysis (Figure 54 7b) have distinct features that aid their identification. The first 

component (dark blue line) is assigned to PDI excitons, since it exhibits a clear GSB and 

SE, resembling the absorption and emission of PDI molecules including their vibronic 

transitions. The second component (light blue line) exhibits the typical GSB and ESA 

features of PDI anions, hence, it is assigned to intramolecular CT-states.  

We now turn to the dynamics of excitons and intramolecular CT-states, shown in Figure 

54 c. The fast decay of excitons (dark blue spheres) is accompanied by a fast rise of the 

population of intramolecular CT-states (light blue spheres) with some charges being 

already generated within the time resolution of our fast TA setup. The population of 

intramolecular CT states reaches a maximum at around 5 ps, and subsequently the CT states 

recombine with a significantly smaller decay rate compared to their generation.  
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Applying the MCR analysis to the TA data of T-(Ph)2-PDI and T-(Ph)4-PDI, we obtained 

their component-associated spectra and dynamics (see Figure 55 and Figure 56). MCR 

identified the same two component spectra as for TT-Ph-PDI, that is, PDI excitons and 

intramolecular CT-states, but with dynamics clearly slowing down with increasing the 

spacer length. From molecule TT-Ph-PDI to T-(Ph)2-PDI and T-(Ph)4-PDI: both exciton 

decay and charge generation slow down. Similarly, intramolecular CT-states live 

considerably longer, up to hundreds of nanoseconds in case of T-(Ph)4-PDI.  

The CT states in T-(Ph)4-PDI decay to 50% of the initial population within 8 ns, which is 

the maximum time-delay of our TA setup. We also performed TA measurements in the ns-

µs time range to obtain the lifetimes of CT states. The measurements were performed by 

electronically delaying a 532 nm pump laser (see Figure 57).  
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Figure 54: (a) TA spectra of TT-Ph-PDI molecule in diluted solution. (b) PDI exciton spectrum (dark blue) 

and intramolecular CT-states spectrum (light blue) as obtained by MCR analysis. (c) Dynamics of the MCR 

obtained PDI excitons (dark blue spheres) and intramolecular CT-states (light blue spheres).   
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Figure 55: (a) Transient absorption (TA) spectra of T-(Ph)2-PDI in solution photo-excited at 490 nm 

(excitation density 53 µJ/cm2). (b) PDI exciton spectrum (dark red) and intramolecular CT-states spectrum 
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(light red) as obtained by MCR analysis. (c) Dynamics of the MCR obtained PDI excitons (dark red spheres) 

and intramolecular CT-states (light red spheres). 
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Figure 56: (a) Transient absorption (TA) spectra of T-(Ph)4-PDI in solution photo-excited at 490 nm 

(excitation density 53 µJ/cm2). (b) PDI exciton spectrum (dark green) and intramolecular CT-states spectrum 

(light green) as obtained by MCR analysis. (c) Dynamics of the MCR obtained PDI excitons (dark green 

spheres) and intramolecular CT-states (light green spheres). 
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Figure 57: (a) Excited-state absorption decay dynamics of T-(Ph)4-PDI in dilute solution excited at 532nm 

(excitation density 72.7 µJ/cm2) fitted by a bi-exponential function (solid line). Inset: transient absorption 

(TA) spectra at different time delays. (b) Excited-state absorption dynamic at various excitation densities. 

Supplementary Note 7. TA spectra following the donor excitation 

Figure 58a shows the TA spectra of T-(Ph)2-PDI at different time delays. The spectrum at 

early time delays (0.5-0.8 ps) reveals a broad ESA throughout the entire range of probe 

energies. We assign this broad feature to the triangulene donor since the 355 nm excited 

state transition of triangulene is optically active, as confirmed by previous excited state 

calculation. While the ESA decays, the generation of PDI excitons and anions is observed. 

This is apparent from spectra recorded at later time delays and it is a clear indication of 

energy transfer from the excited donor to the PDI core.[187] To resolve the different 

processes following excitation of the donor, we again used MCR analysis. Figure 58b 

clearly shows the spectral contribution of the triangulene exciton as a broad ESA feature, 

while the other two states observed are PDI excitons and intramolecular CT-states as 

discussed above. The dynamics of these states (see Figure 58c) hints to parallel and 
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competing processes of energy transfer from the triangulene to PDI and direct electron 

transfer from triangulene. This could be deduced from the population dynamics of 

intramolecular CT-states and PDI excitons at 2 ps, showing that 20% of CT-states are being 

generated significantly faster than the PDI excitons. However, this initial rise of CT-states 

population is around the temporal resolution of our TA setup and could be due to the laser 

pulse excitation. Meanwhile, energy transfer takes place and populates PDI excitons 

followed by consecutive forward hole transfer process populating also the intramolecular 

CT-states.  

Similarly, these processes occur in the T-(Ph)4-PDI dyads when exciting the triangulene 

(see Figure 59). However, energy transfer from triangulene to PDI excitons is slower in T-

(Ph)4-PDI and followed by slower hole transfer compared to T-(Ph)2-PDI. Excitation of 

thiotriangulene in the TT-Ph-PDI dyad, on the other hand, results in energy transfer faster 

than the temporal resolution of our TA setup (Figure 60).  
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Figure 58: (a) Transient absorption (TA) spectra of T-(Ph)2-PDI in solution photo-excited at 355 nm 

(excitation density 86 µJ/cm2). (b) Triangulene excitons (brown line), PDI exciton spectrum (red line) and 

intramolecular CT-states spectrum (orange line) as obtained by MCR analysis. (c) Dynamics of the MCR 

obtained triangulene excitons (brown spheres), PDI excitons (red spheres) and intramolecular CT-states 

(orange spheres). 
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Figure 59: (a) Transient absorption (TA) spectra of T-(Ph)4-PDI in solution photo-excited at 355 nm 

(excitation density 81 µJ/cm2). (b) Triangulene excitons (blue line), PDI exciton spectrum (green line) and 

intramolecular CT-states spectrum (yellow line) as obtained by MCR analysis. (c) Dynamics of the MCR 

obtained triangulene excitons (blue spheres), PDI excitons (green spheres) and intramolecular CT-states 

(yellow spheres). 
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Figure 60: (a) Transient absorption (TA) spectra of TT-Ph-PDI in solution photo-excited at 355 nm 

(excitation density 62 µJ/cm2). (b) Thiotriangulene excitons (dark blue line), PDI exciton spectrum (light 

blue line) and intramolecular CT-states spectrum (beige line) as obtained by MCR analysis. (c) Dynamics of 

the MCR obtained thiotriangulene excitons (dark blue spheres), PDI excitons (light blue spheres) and 

intramolecular CT-states (beige spheres). 
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Figure 61: (a) Transient absorption (TA) spectra of TT-Ph-PDI in solution photo-excited at 490 nm 

(excitation density 19.1 µJ/cm2). (b) Dynamics extracted between 1.3-1.8 eV (black line), 1.9-2.13 eV (red 

line) and 2.37-2.9 eV (green line). 
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Figure 62: (a) Excited-state absorption decay dynamics of T-(Ph)4-PDI in dilute solution excited at 355 nm 

(excitation density 79 µJ/cm2) fitted by a bi-exponential function (solid line). Inset: transient absorption (TA) 

spectra at different time delays. (b) Dynamic of excited-state absorption (1.2-1.8 eV) and ground-state bleach 

(2.35-2.85 eV). 
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Supplementary Note 8. Solution of rate equations 

To fit the MCR output dynamics and extract the rates of energy transfer, hole transfer and 

charge recombination, we solved the rate equations presented in Figure 45. The solution 

for acceptor excitation D-S-A* reads:  

[a∗] =  𝐴0𝑒−(𝑡−𝑡0)𝑘a∗→ct  

Equation 23 

[ct] =  𝐴1𝑒−(𝑡−𝑡0)𝑘a∗→ct + 𝐴2𝑒−(𝑡−𝑡0)𝑘ct→g 

Equation 24 

while the solution for donor excitation D*-S-A is shown below: 

[d∗] =  𝐴0𝑒−(𝑡−𝑡0)(𝑘d∗→a∗+𝑘d∗→ct) 

Equation 25 

[a∗] =  𝐴1𝑒−(𝑡−𝑡0)𝑘a∗→ct − 𝐴2𝑒−(𝑡−𝑡0)(𝑘d∗→a∗+𝑘d∗→ct) 

Equation 26 

[ct] =  𝐴3𝑒−(𝑡−𝑡0)𝑘ct→g − 𝐴4𝑒−(𝑡−𝑡0)𝑘a∗→ct − 𝐴5𝑒−(𝑡−𝑡0)(𝑘d∗→a∗+𝑘d∗→ct) 

Equation 27 

The global fit in Figure 6 for donor excitation D*-S-A showed negligible values for direct 

electron transfer from triangulene to CT-states (𝑘d∗→ct). For this reason, this rate was 

excluded from the fit and was not shown in the set of rate equations in Figure 45. 

Supplemetary Note 9. Driving forces and reorganization energies 
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We are interested in two charge transfer rates: excited PDI to the charge transfer state, 

𝑘a∗→ct, and CT to the ground state, 𝑘ct→g.  Hence, four electronic states are of a particular 

interest: the excited donor state, D*-A-D; the charge transfer state, D+- A--D (which can 

also be of a quadrupolar type, D+-A--D+); the excited acceptor state (PDI), D-A*-D; and 

the ground state, D-A-D. We refer to these states as d*, ct, a*, and g, respectively. The 

corresponding equilibrium geometries of the molecular and solvent coordinates are 

denoted by the capital letters, that is, D*, CT, A*, and G. As an illustration, the energy of a 

charge transfer state in a ground state geometry is 𝐸ct
G . We also introduce four vertical 

transition energies, Δ𝐸G  =  𝐸G
ct – 𝐸G

g
, ΔECT

g
= ECT

g
− ECT

ct , Δ𝐸A∗ = 𝐸A∗
ct   –  𝐸A∗

𝑎∗
,  ΔECT

a∗
 =

ECT
a∗

– ECT
ct . Apart from the excitation energy, i.e., the energy required to change the 

molecular electronic state, the vertical transition energies include contributions related to 

the interaction of a molecule in a specific electronic state with the surrounding solvent. In 

a thermal equilibrium, motion of solvent molecules leads to fluctuations of the vertical 

excitation energies.[191, 192] If the corresponding energy distributions are Gaussian, the 

free energy profiles of diabatic states are parabolic and one can use the Marcus expression 

for the electron transfer reaction rate, 

  𝑘ET =  
2π

ℎ√4𝜋λ𝑘B𝑇
𝐽2exp [−

(λ+Δ𝐺)2

4λ𝑘B𝑇
]  , 

where Δ𝐺 is the driving force, or the free energy difference between the minima of diabatic 

states, i.e., 𝐸G
g
, 𝐸CT

ct , and 𝐸𝐴∗
𝑎∗

 in our case, 𝐽 is the electronic coupling element between them, 

and λ is the reorganization energy. 
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Averaged vertical excitation energies were calculated using the m062x range-separated 

functional and the 6-311g(d) basis set. Polarizable continuum model[193-195] was used to 

account for the solvent stabilization. All calculations were performed using the 

GAUSSIAN09 package. 

The choice of the vertical excitation energies as a reaction coordinate is convenient for the 

evaluation of these quantities, in particular  

Δ𝐺ct→g  =
1

2
(〈Δ𝐸G〉  + 〈Δ𝐸CT

g 〉) , λct→g  =
1

2
(〈Δ𝐸G〉 − 〈Δ𝐸CT

g 〉) 

Δ𝐺a∗→ct  =
1

2
(〈Δ𝐸CT

a∗
〉 + 〈Δ𝐸A∗〉) , λa∗→ct  =

1

2
(〈Δ𝐸CT

a∗
〉 − 〈Δ𝐸A∗〉), 

where angular brackets denote mean values of the corresponding vertical excitation 

energies.  

To evaluate (ensemble-averaged) vertical excitation energies, we used the polarizable 

continuum model (PCM). [193-195]  We first performed geometry optimizations in the g, 

ct, and a* states at the m062x/6-31g(d) level of theory using DCM as an implicit solvent, 

saved the optimized solvent state, and then evaluated the excited state energies of other 

states in the saved (nonequilibrium) solvation shells. 

Energy (Hartree) TT-Ph-PDI T-(Ph)2-PDI T-(Ph)4-PDI 

𝐸𝐺
𝑔

 -5021.19893452 -7753.43700816 -8677.28997669 

𝐸𝐺
𝑐𝑡 -5021.12290884 -7753.36349869 -8677.21751102 

𝐸𝐶𝑇
𝑐𝑡   -5021.18995581 -7753.42757525 -8677.28053133 

𝐸𝑔
𝐶𝑇 -5021.18660635 -7753.40266345 -8677.25271997 
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𝐸 𝐴∗
𝑎∗  -5021.19095270 -7753.42764279 -8677.28011168 

𝐸 𝐶𝑇
𝑐𝑡  -5021.18664498 -7753.42757525 -8677.28053133 

𝐸𝐶𝑇
𝑎∗ -5021.16941153 -7753.42673197 -8677.27886949 

𝐸 𝐴∗
𝑐𝑡  -5021.16121359 -7753.42058803 -8677.27296917 

 

Energy (eV) TT-Ph-PDI T-(Ph)2-PDI T-(Ph)4-PDI 

Δ𝐺ct→g 1.04 0.66 0.61 

𝜆ct→g 1.032 1.34 1.36 

Δ𝐺ct→g
#  6.4e-6 0.086 0.104 

Δ𝐺a∗→ct 0.003 0.085 0.08 

𝜆a∗→ct 0.063 0.11 0.1325 

Δ𝐺a∗→ct
#  0.016 0.0012 0.0041 
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Chapter 6: Quantifying the Yield of Individual Photophysical Processes 

in All-Polymer Bulk Heterojunction Solar Cells 

The article “Efficiency-limiting Processes in All-Polymer Bulk Heterojunction Solar Cells: 

Quantification of the Yield of Individual Photophysical Processes" is in preparation. 

6.1 Research Motivation  

Organic photovoltaic (OPV) technology offers distinct advantages over the well-

established first and second generation solar cells by introducing solution-processed, semi-

transparent, lightweight and flexible properties.[196-198] Specifically, Nonfullerene-

based OPV devices including all-polymer solar cells have gained remarkable attention and 

now outperform the classical fullerene-based bulk-heterojunction (BHJ) solar cells.[163, 

199, 200] Although small molecule non-fullerene acceptor in single-junction OPV devices 

have demonstrated record high power conversion efficiencies (PCE) of up to 16%,[14, 15, 

169, 201] all-polymer devices lag behind at 10-11% efficiency.[202-204] The main 

advantages of blending two π-conjugated polymers as the active layer are (i) 

complementary absorption in the visible spectral region, (ii) tunable energy levels and 

charge transfer contribution from both components, (iii) balanced charge carrier mobility, 

and (iv) morphological stability without compromising donor-acceptor percolation 

networks.[205-207] The PCE of all-polymer OPV devices witnessed a rapid growth in the 

past decay.[208, 209] Numerous studies explored the design of polymer acceptors with 

different electron accepting building blocks such as naphthalene diimide (NDI), 
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perylenediimide (PDI), bithiophene imide (BTI), isoindigo (IID(CO)), and 

thienopyrroledione (TPD),[207, 210-215] while other reports focused on engineering side 

chains along the backbone of the polymer to control polymer packing in order to improve 

the blend morphology.[216, 217] Furthermore, applying different thin film processing 

conditions such as molecular additives and solvent vapor annealing (SVA) was shown to 

improve the overall device performance.[218-220] However, in spite of all the efforts to 

optimize all-polymer devices, the reasons behind the lagging performance are still not well 

understood.  

An early photophysical study on all-polymer devices incorporating F8TBT as the polymer 

acceptor revealed that sub-nanosecond geminate charge recombination is an obvious loss 

mechanism when compared to fullerenes.[221] Succeeding studies predominantly 

investigated the charge generation dynamics in N2200-based polymer acceptor and the 

pioneering findings discovered that geminate recombination of charge carriers limit the 

quantum efficiency of P3HT:N2200 devices.[222, 223] Photophysical reports showed that 

blending N2200 with other polymer donors enhances the hole transfer efficiency while 

thermal annealing controls the morphology and eventually reducing the geminate 

recombination channel.[190, 224-229] Recently, Wang et al. reported that optical 

excitation of N2200 generates intra-moiety polaron pairs (iPPs) following exciton 

dissociation in the pristine domains and the formed iPPs would facilitate ultrafast hole 

transfer at J51:N2200 interfaces.[230] While the greater number of spectroscopic studies 

of all-polymer devices are concluded on the N2200-based systems, the photophysical 
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implications of incorporating different electron accepting building blocks or side groups 

into the polymer backbone are not well understood. Moreover, fullerene-based systems are 

well-studied with quantified charge generation and recombination models,[231, 232] 

however, such comprehensive spectroscopic studies of the photophysical processes in all-

polymer OPVs have not yet been performed.  

Here we present a systematic approach to quantify the loss processes occurring in OPV 

devices, spanning from photon absorption to charge carrier extraction. We combine sub-

picosecond to millisecond time-resolved spectroscopy techniques including time-resolved 

photoluminescence (TRPL), transient absorption (TA), and time-delayed collection field 

(TDCF) experiments with advanced spectral and temporal deconvolution of excited state 

spectra and dynamics to extract accurately the exciton and charge carrier recombination 

parameters. The experimentally-determined parameters were then used to simulate the JV 

characteristics and device performance confirming the applicability of the proposed 

methodology to semiconducting thin-film organic solar cells. Specifically, we applied the 

methodology to quantify the photophysical losses of a new class of polymer acceptors 

incorporating thieno[3,4-c]pyrrole-4,6-dione (TPD) and 3,4-difluorothiophene ([2F]T) 

motifs with branched alkyl-chains. These P2TPD[2F]T and P2TPDBT[2F]T polymers 

blended with the commercial low-bandgap polymer donor PBDT-TS1 reach device 

efficiencies of up to 4.4%. We unravel the effect of incorporating the electron deficient 

2,1,3-benzothiadiazole (BT) into the polymer backbone on the yield of each photophysical 
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process and discuss the important role of the thin-film morphology on the device 

performance. 

6.2 Results  

6.2.1 BHJ Solar Cell Characterization 

Recently Liu et, al.[214] reported the synthesis of the two polymer acceptors studied here, 

abbreviated as P2TPD[2F]T and P2TPDBT[2F]T, their performance in BHJ devices when 

blended with the low-bandgap donor polymer PBDT-TS1, film morphology, and charge 

transport properties. The molecular structures of the polymers are depicted in Figure Figure 

63a. The two analogous polymer acceptors use 2-hexyldecyl (2HD) branched alkyl side 

chains attached to TPD, resulting in similar solubility. The difference between the two 

polymers is the presence of benzothiadiazole (BT) in P2TPDBT[2F]T.  

BT causes a minor change of the energetics of the acceptor polymer however, a significant 

change of the BHJ device performance is observed. Figure 63b depicts the ionization 

energy (IE) and optical bandgap of the polymers. IEs were determined by photoelectron 

spectroscopy in air (PESA), while optical bandgaps were estimated by adding the energy 

of the intersection of the absorption and emission spectra (Figure 69) to the IE energies. 

The presence of BT has little effects on the IE, while the optical bandgap decreases, as 

indicated by a 60 nm red-shift of the absorption of P2TPDBT[2F]T (Figure 69). The IE 

and EA offsets between the donor and acceptor polymers are sufficient for charge transfer 

at the D/A interface. The J-V characteristics of optimized solar cells prepared as described 

earlier[214] are presented in Figure 63c. Solar cells with P2TPDBT[2F]T as acceptor 
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exhibit an average PCE of 4.4%, while P2TPD[2F]T-based devices deliver only 1.9%. The 

VOC remains around 1.0 V and the FF values at ca. 45% as shown in Table 5. However, a 

remarkable increase in JSC is observed when the BT-containing acceptor polymer was used.  
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Figure 63: a) Chemical structures of the polymer donor PBDT-TS1 and polymer acceptors P2TPD[2F]T and 

P2TPDBT[2F]T. b) HOMO and LUMO levels determined by PESA and optical bandgap measurements. c) 

J-V characteristics of optimized P2TPD[2F]T (blue line) and P2TPDBT[2F]T (red line) BHJ devices. 

Absorption coefficient (solid lines) superimposed with reconstruction of absorption spectra (dash lines) from 

neat components at blend ratio of (1:2) for d) PBDT-TS1:P2TPD[2F]T blend (blue lines) and e) PBDT-

TS1:P2TPDBT[2F]T blend (red lines). f) EQE spectra of the same optimized devices fabricated for J-V 

characteristics measurements. 
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Table 5: PV performance of PBDT-TS1 polymer donor blended with P2TPD[2F]T and P2TPDBT[2F]T 

polymer acceptors. Optimized BHJ devices were prepared with 1:2 (wt/wt) ratio spin coated from chloroform 

(CF) and thermally annealed at 80 oC for 10 min. 

Polymer Acceptor VOC 

[V] 

JSC 

[mA/cm2] 

FF  

[%] 

Avg. PCEa  

[%] 

 

P2TPD[2F]T 0.96 ± 0.01 4.6 ± 0.1 41 ± 1.4 1.9 ± 0.1  

P2TPDBT[2F]T 0.99 ± 0.00 9.7 ± 0.2 45 ± 0.7 4.4 ± 0.1  

a These values are averages across 10 devices with device area of 0.1 cm2  

 

Interestingly, the absorption coefficient of BHJs using the BT-based acceptor is reduced 

by 22% compared to P2TPD[2F]T-based devices, while the incident photon-to-current 

conversion efficiency (IPCE/EQE) is more than doubled. Figure 63d and Figure 63e show 

the absorption coefficient of the two blends with maxima of ~8𝑥104 cm-1 at 600 nm and 

105 cm-1 at 550 nm for P2TPDBT[2F]T and P2TPD[2F]T blends, respectively. The 

absorption spectra of the blends are a superposition of the absorption spectra of the neat 

polymers as indicated by the absorption spectra reconstructed (dashed lines) from the neat 

polymer absorption for a ratio of 1:2 (wt./wt.). The spectral shape of the blends’ absorption 

matches the external quantum efficiency (EQE) spectra (Figure Figure 63f), covering the 

entire visible spectral region as was expected from the complementary absorption of neat 

TPD/[2F]T-based polymer acceptors and the PBDT-TS1 polymer donor. The EQE is 

dominated by the polymer acceptor and shows an obvious enhancement for the BT-

containing acceptor polymer. Interestingly, the P2TPDBT[2F]T blend exhibits lower 

absorption coefficients, yet its photon-to-current conversion efficiency is much higher 

compared to P2TPD[2F]T blends. The reasons are revealed by transient spectroscopy. 
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6.2.2 Exciton Quenching 

We performed TRPL measurements on neat and blend films exciting into the polymer 

acceptor’s absorption at 532 nm (Figure 64). Photolumienscence dynamics were 

parameterized by bi-exponential decays and average PL lifetimes of 1.02 ns for 

P2TPD[2F]T and 0.28 ns for P2TPDBT[2F]T were determined for the blends 

(Supplementary Note 2. Exciton Quenching). Quantitative analysis of the blend’s PL lifetime 

compared to the PL lifetime of neat films was performed. We calculated the exciton 

quenching efficiency according to 1 −
𝜏𝑎𝑣𝑔,𝑏𝑙𝑒𝑛𝑑

𝜏𝑎𝑣𝑔,𝑝𝑟𝑖𝑠𝑡𝑛𝑒
. The calculation revealed, PL (exciton) 

quenching increased from 68.3% to 86.6%, when introducing BT into the acceptor polymer 

backbone.    
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Figure 64: Normalized photoluminescence dynamics of a) pristine P2TPD[2F]T (light blue) and PBDT-

TS1:P2TPD[2F]T (dark blue) polymer films, b) pristine P2TPDBT[2F]T (light red) and PBDT-

TS1:P2TPDBT[2F]T (dark red) polymer films. Solid lines are fits of a bi-exponential function. Films were 
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excited with 532 nm pulses at 4 MHz and laser fluence of 5.75 nJ/cm2. Streak camera spectra are shown in 

Supplementary Note 2. Exciton Quenching. 

6.2.3 Charge Carrier Generation in Films 

Figure 65 shows transient absorption spectra of the two blends measured in the ns-µs time 

range exciting predominantly the acceptor polymer. The spectra exhibit ground state bleach 

(GSB) above 1.6 eV and excited state absorption (ESA) below 1.6 eV. The excited state 

population of the polymer donor and the polymer acceptor bleach the ground state region 

at 1.6-1.85 eV and 1.85-2.25 eV, respectively, mimicking the absorption spectra of the 

blends. Comparing the GSB, it is noteworthy, that the acceptor’s GSB signal decays faster 

than the GSB of the polymer donor. In particular, the GSB of P2TPD[2F]T decays to ~50% 

of the initial amplitude within 2 ns after photoexcitation, followed by a subtle red-shift. In 

addition, the ESA features at 0.95 and 1.2 eV decay at different rates (see Supplementary 

Note 3. Transient Absorption Components), indicating the presence of more than one long-

lived state in these blends. 

In fact, deconvolution of the as-measured TA spectra and dynamics of the blends exposes 

singlet excitons and charges in the P2TPD[2F]T blend, while charges and triplets are 

present in the P2TPDBT[2F]T blend. Here we used multivariate curve resolution-

alternating least square (MCR-ALS) analysis to separate the component-associated spectra 

and dynamics of different states that contribute to the measured TA signal.[74, 176] MCR-

ALS analyses reveal that the TA signal can be reconstructed by two different components 

in the ns-µs time range. The component-associated spectra are shown in Figure 65c and 



148 

 

 
 
 

 

 

 

Figure 65d, while the fluence dependent dynamics of these components are presented in 

Supplementary Note 3. Transient Absorption Components. We assign one component shown 

in Figure 65c to P2TPD[2F]T singlet excitons, since its spectral signatures match those 

observed in the TA on pristine P2TPD[2F]T films (Supplementary Note 3. Transient 

Absorption Components). The singlet excitons in the blends have a lifetime of 1 ns (Figure 

64b). To reveal the nature of the long-lived states in the P2TPDBT[2F]T blend, we 

performed TA on a P2TPDBT[2F]T blend in air. Here, the band observed at probe energies 

of 0.95 and 1.05 eV decayed faster in comparison to measurements in vacuum (see 

Supplementary Note 4. TA on Triplet Formation for triplet assessment). Such air-induced 

quenching is a signature of triplet exciton quenching.[233, 234] Monitoring the triplet state 

dynamics (see Figure 72), we observe intensity-dependent triplet formation and 

recombination in the blend. This indicates that non-geminate recombination of free charges 

is the origin of triplet state formation in this blend in line with previous reports on other 

OPV systems.[235] 
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Figure 65: Transient absorption spectra of (a) PBDT-TS1:P2TPD[2F]T blend (excitation fluence of 8.4 

µJ/cm2) and (b) PBDT-TS1:P2TPDBT[2F]T blend (excitation fluence of 2.15 µJ/cm2). Components 

contribution to TA spectra of c) PBDT-TS1:P2TPD[2F]T  and d) PBDT-TS1:P2TPDBT[2F]T as inferred 

from MCR-ALS deconvolution. Films are excited with a 532 nm pump laser. 

To support the spectral assignment shown in Figure 65d to triplets and to reveal in which 

of the two polymers the triplets reside, we measured a pristine PBDT-TS1 film with both 

TRPL and TA (Figure 78). TA spectra seen at 10-15 ns match the triplet spectrum obtained 

by MCR-ALS analysis of TA data of P2TPDBT[2F]T blends. TA dynamics of the pristine 

PBDT-TS1 film obtained at different fluences and extracted at the 0.95-1.05 eV band 

indicate, singlet excitons undergo intersystem crossing (ISC) in the first 2 ns and create 

triplet excitons in the polymer donor. The population directly obtained by photoexcitation 
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corresponds to singlet excitons, since the decay matched the PL lifetime observed by TRPL 

measurement. We also measured TA of pristine PBDT-TS1 films in vacuum and in air and 

doped the polymer film with 5 wt.% platinum octaethylporphyrin (PtOEP), a common 

triplet sensitizer. The corresponding spectra and dynamics are plotted in Figure 79, they 

demonstrate similar ESA signatures as in the 0.95-1.05 eV spectral region as observed in 

the P2TPDBT[2F]T polymer blend. The triplet excitons are quenched by oxygen when the 

measurement is performed in air. In fact, for the film measured in air the TA spectra 

resemble the charge-induced spectra seen in the blends. Hence, the light blue spectrum in 

Figure 79a represents the PBDT-TS1 cation signature. These findings all support the 

assignment of the second component in the P2TPDBT[2F]T blend to triplet excitons. 

Triplets are generated by free charge recombination, via triplet charge transfer states (3CT), 

which subsequently relax to the lowest-lying triplet exciton state (T) present in the blend, 

here that of PBDT-TS1. This process has previously been observed for fullerene-based 

BHJ systems and explained by downhill triplet state transfer from the triplet CT state to 

the lower energy polymer triplet state.[236, 237]  

We support our TA analysis by data from Electron Paramagnetic Resonance (EPR) 

spectroscopy. Time-resolved EPR (TR-EPR) allows investigation of the formation and 

decay dynamics of short-lived photo-excited paramagnetic states generated after a laser 

pulse with a time resolution of a few hundred nanoseconds. Short-lived states can be either 

excited triplet states or transient radicals. TR-EPR experiments on pristine PBDT-TS1 

films were performed at 130K to slow down the spin relaxation processes after 532 nm 
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laser excitation. The TR-EPR spectra at 5 μs and zero-field splitting (ZFS) parameters are 

reported in Supplementary Note 5. Electron Paramagnetic Resonance (EPR). In the case of 

pristine PBDT-TS1, the TR-EPR spectral could only be reproduced by including a 

contribution from back electron transfer (BET) from charge transfer (CT) states in addition 

to the formation of triplet excitons (see Figure 80). This implies that excited states in the 

PBDT-TS1 polymer undergo photoinduced charge generation even in the absence of an 

acceptor, with occasional recombination occurring and populating the triplet state of the 

polymer. 

6.2.4 Field-Dependent Charge Generation 

The TPD/[2F]T-based blends exhibit low fill factors, possibly indicating field-dependent 

charge generation, which is more pronounced in the case of P2TPDBT[2F]T devices. To 

investigate the field-dependence of charge generation, we used time-delayed collection 

field (TDCF) measurements by subjecting the devices to pre-bias voltages (Vpre) ranging 

from -0.5 V up to VOC. Measurements were executed at a low excitation density of 0.1 

μJ/cm2 to reduce the impact of non-geminate recombination prior to charge collection. The 

photocurrent response is presented in Supplementary Note 6. Field-Dependence of Charge 

Generation. The total extracted charge (Qtot), determined by the integral over the transient 

photocurrent, was plotted against the pre-bias shown in Figure 66. The measurement on a 

PBDT-TS1:P2TPD[2F]T device indicates a weak field-dependence of charge generation, 

seen as weak dependence of Qtot on the applied pre-bias. Interestingly, the field-dependence 

is more pronounced for the PBDT-TS1:P2TPDBT[2F]T device. To quantify the losses, we 
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determined the additional field-dependent loss between open-circuit conditions and a 

reference pre-bias of -0.5 V. On this basis, P2TPD[2F]T devices exhibit 12.8% (additional) 

loss due to the field-dependence of charge generation, while it is 22.5% in the BT-

containing polymer. The impact of the losses on the J-V characteristics, especially the fill 

factor, are indicated in Figure 66 by the shaded areas. However, the results indicate clearly 

that field-dependence of charge generation is not the only reason for the low FF values of 

~43%. Hence, we investigated the charge recombination rates in these devices.    
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Figure 66: Field dependence of charge generation. J-V characteristic curves (left axes) and total collected 

charges, Qtot, measured by TDCF at various pre-bias voltages (right axes) for a) PBDT-TS1:P2TPD[2F]T 

and b) PBDT-TS1:P2TPDBT[2F]T. Excitation at laser fluence of 0.1 μJ/cm2 and wavelength of 532 nm. 

Qtot is scaled to match the current at -0.5 V; shaded areas represent the effect of field dependence of charge 

generation. 

6.2.5 Charge Carrier Recombination 
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Introducing BT into the polymer backbone has no impact on geminate charge 

recombination, but on the rate of bimolecular recombination. Normalized charge carrier 

dynamics extracted from MCR-ALS analysis of the TA data of the two systems are shown 

in Figure 67. The recombination was fitted with a previously introduced two-pool charge 

recombination model. This model considers charges to populate two pools after initial 

charge transfer.[55] One pool corresponds to separated charges (f) that have overcome their 

coulombic attraction and recombine non-geminately, while the other pool consists of 

charges that have failed to overcome the coulombic attraction (1-f) and subsequently 

recombine geminately at the D/A interface. Geminate recombination is independent of the 

excitation fluence and is characterized by a quasi-exponential decay. The parameters 

extracted from global fits to the charge carrier dynamics are presented in Table 6. 

Interestingly, geminate recombination is similar in both blends, accounting for ~29% of 

the carrier loss. However, the spatially-separated (free) charges recombine at very different 

rates, when comparing the two systems. The effective bimolecular recombination rates 

reveal that addition of BT reduces the rate of bimolecular recombination by one order of 

magnitude, while the recombination order remains similar (~2.8). More details of the two–

pool recombination model and extrapolation of recombination parameters are presented in 

Supplementary Note 7. 2-Pool Model Fit.  
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Figure 67: Fluence dependent charge carrier dynamics of (a) PBDT-TS1:P2TPD[2F]T and (b) PBDT-

TS1:P2TPDBT[2F]T photo-excited with a 532 nm laser. Solid black lines are fit of the charge recombination 

dynamics using two-pool model. 

 

Table 6: Values of global fit parameters extracted from applying the two-pool recombination model on the 

fluence dependent charge dynamics. Bimolecular recombination coefficient was calculated by using 𝑘2 =

𝑘𝜆𝑛1𝑠𝑢𝑛
𝜆−1  , where 𝑛1𝑠𝑢𝑛 was taken as 1x1016 cm-3. 

Polymer Acceptor f 

[V] 

τ   

[ns] 

λ+1  

 

kλ 

[cm3(λ-1)s-1] 

k2  

[cm3s-1] 

P2TPD[2F]T 0.72  1.92  2.9  0.0023𝑛−1.4  1.24x10−10 

P2TPDBT[2F]T 0.71  1.23  2.8  2.4x10−24  1.5x10−11 

 

6.2.6 Device Simulation 

We determine the charge generation efficiency (CGE) as the number of absorbed photons 

times the efficiency of exciton quenching and fraction of free charge generation for 

P2TPD[2F]T and P2TPDBT[2F]T blends to 49.2% and 61.5%, respectively. Comparing 
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the CGEs to the internal quantum efficiencies (IQE) of the respective devices, depicted in 

Figure 68, IQE calculations in Supplementary Note 8. Device Simulation, shows that the 

CGE value for the P2TPD[2F]T blend is larger than the corresponding IQE value at 532 

nm (laser excitation wavelength), while the values are similar for the P2TPDBT[2F]T 

blend. We assign this 15% discrepancy of the P2TPD[2F]T device (49.2% vs. 34.7%) to 

extraction losses, since the CGE calculation considers only the exciton-to-free charge 

generation, while the IQE depends also on the probability of charges to be collected. We 

demonstrate the relevance of CGE and of the quantification of extraction losses from the 

comparison of CGE to IQE by reconstructing the J-V curves. The reconstruction was 

performed with SETFOS (Fluxim) using the extinction coefficient, refractive index, CGE, 

and reduction factor of non-geminate recombination (more details in Supplementary Note 

8. Device Simulation). We note that SETFOS uses the same CGE value for the entire 

photoactive region. Since the IQE spectra are not flat across the visible region, we 

normalized the CGE values to the average IQE as depicted in Figure 68 (dashed lines). The 

simulated J-V characteristics, specifically the Jsc and Voc, match the experimental results 

however, a deviation of 14% and 21% in the fill factor is observed for P2TPD[2F]T and 

P2TPDBT[2F]T devices, respectively (Table 7). Interestingly, these differences in FF 

(shaded areas in Figure 68) match the fraction of field-dependent charge generation 

determined by TDCF measurements. 
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Figure 68: Extraction losses and the effect of field-dependent charge generation on J-V characteristics. IQE 

curves including the calculated generation efficiency from time-resolved spectroscopic measurements 

(orange stars) for a) PBDT-TS1:P2TPD[2F]T and b) PBDT-TS1:P2TPDBT[2F]T. Comparison of measured 

J-V characteristics and the J-V characteristics simulated by SETFOS (orange lines) for c) PBDT-

TS1:P2TPD[2F]T and d) PBDT-TS1:P2TPDBT[2F]T. Dashed lines in a) and b) represent the average IQE 

value used for scaling the calculated generation efficiency for SETFOS simulations. Shaded areas in c) and 

d) highlight the effect of field-dependence charge generation on FF reduction. 
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Table 7: SETFOS simulation of PV performance of PBDT-TS1 polymer donor blended with P2TPD[2F]T 

and P2TPDBT[2F]T polymer acceptors. Difference between the experimental and simulated parameters are 

labelled as Δ. 

Polymer Acceptor VOC 

[V] 

ΔVoc 

[V] 

JSC 

[mA/cm2] 

ΔJsc 

[mA/cm2] 

FF  

[%] 

ΔFF 

[%] 

Avg. PCE  

[%] 

ΔPCE 

  [%] 

P2TPD[2F]T 0.96 0.0 4.53 0.07 53.4 12.4 2.3 0.4 

P2TPDBT[2F]T 0.99 0.0 9.67 0.03 66 21 6.4 2.0 

 

 

6.3 Discussion 

The quantitative analyses of the individual photophysical processes provides a direct 

comparison between the two systems reported here. Introducing the BT unit to the polymer 

backbone increases the rate of exciton quenching by 27% in turn forming more charge 

transfer (CT) states. Interestingly, the efficiency of CT state splitting is similar for both 

blends which is indicated by the similar fraction of charges separating at the D/A interface 

(~71%). The splitting of CT states is related to the molecular orientation and interfacial 

mixing at the D/A heterojunction, not considering the HOMO and LUMO offsets, as here 

the offsets are similar in both blends, providing sufficient driving force for electrons and 

holes to separate at the D/A interface.[137]  

The fate of the free charges, however, is significantly different in the two systems. Drift-

diffusion modeling of the JV characteristics reveal the relation between the fast 

bimolecular recombination rate (1.24x10−10 cm3s-1) and the low fill factor of 

P2TPD[2F]T-based devices.[61] The 15% extraction losses in this device can be explained 
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assuming spatially trapped charges, as recently attributed to the existence of dead ends for 

charge transport in the intermixed polymer networks.[238] On the other hand, the one order 

of magnitude reduction in the bimolecular recombination rate for the P2TPDBT[2F]T-

based devices mitigates the competition between recombination and extraction of free 

charge carriers, resulting in minimal extraction losses.  

The excellent agreement between the measured and simulated J-V characteristics 

emphasizes the role of the field-dependence of charge generation on the FF, and less on 

JSC or VOC. Parameters used in the simulation account for the fraction of geminate 

recombination as extracted from TA measurements instead of TDCF (29% vs. 13% for 

P2TPD[2F]T blend). This leads us to believe that the field-dependence of charge 

generation has no correlation with the fraction of geminate recombination but strongly 

correlates to charges that require extra assist from an applied field to dissociate. This field-

dependence accounts for a 2% drop in the PCE of P2TPDBT[2F]T blend (see Table 7).  

The observed triplet formation from non-geminate recombination has no effect on the 

device performance since triplet formation/density is not taken into account in the SETFOS 

simulation and still the reconstructed and the measured J-V characteristics are well-

correlated. These results are in good agreement with recently published work showing that 

triplet formation from free charge recombination has little effect on device performance 

under one sun illumination.[239] 
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6.4 Conclusions  

In conclusion, the combination of transient measurements allowed us to quantify the 

individual loss channels in two all-polymer BHJs, that use TPD/[2F]T-based polymer 

acceptors blended with PBDT-TS1 as donor polymer. TRPL measurements were used to 

evaluate the exciton quenching efficiency, while TA spectroscopy accompanied by 

advanced data deconvolution allowed the determination of the free charge carrier yield and 

charge carrier recombination rates. The determined (photo)physical parameters were used 

to model the devices’ JV characteristics and a close match between the simulated and the 

experimentally-determined Jsc and Voc was found. Furthermore, differences in simulated 

and measured FF values could be explained by field-dependent charge generation as 

observed by time-delayed collection field experiments.  

Our approach provides a platform for identifying the effect of altering the chemical 

structure and / or applying different thin-film processing conditions on the efficiency of the 

individual (photo)physical processes. Here, the introduction of BT to the backbone of the 

polymer acceptor is discussed in terms of its implications on the BHJ morphology and 

photophysical processes. Following this approach, other all-polymer blends can be studied 

and the obtained data would create a more accurate database for machine learning experts 

to inversely design polymers for photovoltaic application.   
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6.5 Supporting Information 

Supplementary Note 1. Optical Bandgap  
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Figure 69: Ground-state absorption spectra (dashed lines) and excited-state emission spectra (solid lines) of 

P2TPD[2F]T (blue), P2TPDBT[2F]T (red), and PBDT-TS1 (black) polymers. The intersection points labeled 

in the figures refer to the optical bandgaps of the polymers. 

Supplementary Note 2. Exciton Quenching   

Exciton dynamics are extracted from 675 nm to 800 nm for pristine P2TPD[2F]T and 

PBDT-TS1:P2TPD[2F]T films. For pristine P2TPDBT[2F]T blend, dynamics are 

integrated from 700-800 nm while for PBDT-TS1:P2TPDBT[2F]T the dynamics are 

integrated from 725 to 825 nm. 

Average exciton lifetime, τavg, is calculated for quantitative comparison of exciton lifetimes 

as follows: 
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𝜏𝑎𝑣𝑔 =
(𝐴1 𝑥 𝜏1) + (𝐴2 𝑥 𝜏2)

(𝐴1  +  𝐴2)
 

Equation 28 

Table 8: TRPL Fit Parameters of all-polymer blends and pristine polymer films. 

Ratio A1 

 

τ1 (ns) A2 τ2 (ns) τavg (ns) 

P2TPD[2F]T 0.34 ± 0.05 1.78 ± 0.14 0.67 ± 0.06 3.96 ± 0.12 3.22 

PBDT-TS1:P2TPD[2F]T 0.57 ± 0.00 0.24 ± 0.00 0.46 ± 0.00 2.0 ± 0.01 1.02 

P2TPDBT[2F]T 0.28 ± 0.03 0.9 ± 0.06 0.74 ± 0.03 2.53 ± 0.06 2.09 

PBDT-TS1:P2TPDBT[2F]T 

PBDT-TS1 

0.87 ± 0.01 

0.57 ± 0.01 

0.15 ± 0.00 

0.14 ± 0.00 

0.19 ± 0.01 

0.47 ± 0.02 

0.87 ± 0.02 

0.41 ± 0.01 

0.28 

0.26 
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Figure 70: Streak camera spectra were measurements executed with excitation wavelength of 532 nm at laser 

pulse of 4 MHz and fluence of 5.75 nJ/cm2. (a) Pristine P2TPD[2F]T film, b) PBDT-TS1:P2TPD[2F]T film, 

c) Pristine P2TPDBT[2F]T film, and d) PBDT-TS1:P2TPDBT[2F]T film. 
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Supplementary Note 3. Transient Absorption Components   

TA dynamics extracted at different spectral regions of both blends are shown in Figure 71. 

The traces are clearly different depending on the spectral region. GSB of polymer acceptors 

(red and orange lines) decay relatively faster than the GSB of the polymer donor (1.6-1.75 

eV). Moreover, ESA in the region of 0.9 eV (purple lines) decay at different rates when 

comparing P2TPD[2F]T and P2TPDBT[2F]T blends. A noticeable rise of this trace is 

observed for the P2TPDBT[2F]T blend for up to 10 ns.  
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Figure 71: TA dynamics probed at different photon energies for a) PBDT-TS1:P2TPD[2F]T and b) PBDT-

TS1:P2TPDBT[2F]T. Films are excited with a 532 nm pump pulse at fluence of 8.4 µJ/cm2 and 2.15 µJ/cm2 

for a) and b), respectively. 

The MCR-ALS analyses were applied to the entire spectral region of the measurements 

whilst setting the spectra and concentration to non-negativity insures enhanced MCR-ALS 

results with minimized output error. The extracted TA spectra of pristine P2TPD[2F]T film 

at 1 to 1.5 ns was used as an initial guess (not fixed) for the MCR-ALS analysis of PBDT-

TS1:P2TPD[2F]T data. Deconvoluted dynamics of the second components (i.e. triplets for 
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P2TPDBT[2F]T blend and singlets for P2TPD[2F]T blend) are shown in Figure 72 and 

Figure 73, respectively. 
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Figure 72: Fluence dependent triplets generation and recombination as an output from MCR-ALS analysis 

on PBDT-TS1:P2TPDBT[2F]T blend. 
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Figure 73: Fluence dependent singlets decay as an output from MCR-ALS analysis on PBDT-

TS1:P2TPD[2F]T blend. 

TA spectral evolution of pristine P2TPD[2F]T film is shown in Figure 74. The spectra 

clearly indicate a transition taking place between two states within the first 3 ns. This 



164 

 

 
 
 

 

 

 

transition is obvious by monitoring the decay of the broad ESA feature ranging from 1.1 

eV to 1.8 eV, followed by a formation of a narrower ESA feature centered at 0.92 eV which 

decays at a slower rate. A comparison between the kinetics of these two states is presented 

in Figure 75b. We assign the first state to singlet excitons since it is the main photo-

excitation and the decay rate matches the decay rate observed in TRPL measurements. To 

investigate the origin of the second long-lived state, we performed TA measurements on 

the pristine film in air for comparison with the measurement in vacuum (Figure 75a). The 

results reveal unaffected dynamics, i.e, no quenching in air. Fluence dependent 

measurements (Figure 75c) reveal that the recombination of this long-lived state is 

influenced by the excitation density and the onset of recombination at low fluences is 

around 10 ns which is much higher slower than the recombination of intra-moiety polaron 

pairs. For these reasons, we assign this state to triplet states which are low in energy (below 

0.98 eV) and inefficient to quench and generate oxygen singlets.   
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Figure 74: Transient absorption (TA) spectra pristine P2TPD[2F]T film. Film excitated with a 532 nm pump 

laser at a fluence of 31 μJ/cm2. 
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Figure 75: Transient absorption (TA) dynamics of pristine P2TPD[2F]T film. a) Kinetics extracted from 

0.77-1.0 eV spectral region of measurement in vacuum and air. b) Kinetics of vacuum measurement at several 

spectral regions (fluence of 31.1 μJ/cm2). c) Fluence dependent decay of the 0.77-1.0 eV spectral region. 

Film excitated with a 532 nm pump laser. 

Supplementary Note 4. TA on Triplet Formation   

The TA spectral region around 1 eV of P2TPDBT[2F]T and P2TPD[2F]T blends measured 

in vacuum and in air provides insight into the presence of triplet excitons in the 

P2TPDBT[2F]T blend while no clear evidence indicates the presence of triplets in the 

P2TPD[2F]T blend. This is shown by no apparent quenching of TA signal in the 

P2TPD[2F]T blend film measured in air (Figure 77).   
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Figure 76: (a) TA spectra of PBDT-TS1:P2TPDBT[2F]T measured in vacuum and in air. Spectra are 

extracted in the 10-15 ns time window. (b) Kinetic traces of 0.95-1.05 eV bands for PBDT-

TS1:P2TPDBT[2F]T blend measured in vacuum (red line) and in air (blue line). 
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Figure 77: Kinetic traces of 0.95-1.05 eV bands for PBDT-TS1:P2TPD[2F]T blend measured in vacuum 

(blue line) and in air (pink line). 
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Figure 78: (a) PL decay of pristine PBDT-TS1 (black squares) fitted with bi-exponential function (red line). 

(b) Fluence dependent TA kinetics of 0.95-1.05 eV band extracted from measurements of PBDT-TS1 in 

vacuum. Excitation wavelength of 532 nm. 
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Figure 79: a) TA spectra integrated from 10 to 15 ns of pristine PBDT-TS1 in vacuum (black line), in air 

(light blue line) and PBDT-TS1 with 5wt% PtOEP (orange line). (b) TA kinetics of 0.95-1.05 eV band 

extracted from measurements of PBDT-TS1 in vacuum (black line), in air (light blue line) and with 5wt% 

PtOEP (orange line) 
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Supplementary Note 5. Electron Paramagnetic Resonance (EPR)   

To further examine the origin of triplet formation in these systems, EPR spectroscopy is 

ideally suited to unambiguously detect photoexcited triplet states and radicals. We applied 

steady-state light-induced EPR (LEPR) to study the long-lived species generated under 

UV-vis light illumination and time-resolved EPR (TREPR). 

The broad TREPR signals, in enhanced absorption at lower fields and emission at higher 

fields, are typical of triplet excited states. Our hypothesis is confirmed by the spectral 

simulations leading to the zero-field splitting (ZFS) parameters (Table 9). The ZFS 

parameters, D and E, define the magnetic dipolar interaction between the two electrons of 

the excited triplet state. The parameter D, in particular, defines the strength of the dipolar 

coupling and is strongly related to the delocalization of the triplet, while the parameter E 

represents the deviation of the triplet delocalization from axial symmetry. In our samples, 

the spectral simulations also reveal the mechanism of formation of the triplet, which 

determines the triplet sublevels populations. The two most typical routes of triplet exciton 

formation in organic layers are intersystem crossing (ISC) from the excited singlet state 

and back electron transfer (BET) from the charge-transfer (CT) state. The ability to 

distinguish between these two contributions stems from the difference in the non-

equilibrium populations of the triplet sublevels for each pathway (spin polarization) which 

can be derived from spectral simulations. 

The presence of trapped charges in the illuminated polymer is confirmed by the emissive 

signal in the center of the TREPR spectrum, which belongs to photogenerated radicals. 
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These radicals are also observed in LEPR experiments. Figure 81 shows the EPR spectrum 

of the neat PBDT-TS1 film before and after light illumination. The spectrum detected 

before illumination is attributable to partial polymer oxidation caused by air exposure or 

traces of paramagnetic impurities from synthesis.[240] The signal increases under light 

illumination due to additional electron transfer, resulting in a single Lorentzian lineshape 

with a g-value of 2.0028±0.0005. This g-value is typical for positive polarons in 

semiconducting polymers and therefore we attribute the signal to long-lived photo-

generated trapped charges.[241]   

 

Figure 80: TREPR spectra (black lines) of neat polymer films recorded at 130K after 0.5 µs from a 532 nm 

laser pulse and best-fit simulations (red lines). (a) TREPR spectrum of the neat PBDT-TS1 film and 

simulation obtained as the sum of the ISC triplet contribution (cyan line) and the geminate recombination 

contribution (magenta line); (b) TREPR spectrum of the neat P2TPD[2F]T film and simulation assuming ISC 

mechanism; (c) TREPR spectrum of the neat P2TPDBT[2F]T film and simulation assuming ISC mechanism. 

Table 9: ZFS parameters and triplet sublevels populations for the three polymers neat films. 

 D (Gauss) E (Gauss) Px:Py:Pz 

PBDT-TS1 415 60 ISC 0.36:0.46:0.18 

REC T1-T0= -1  T0-T-1=1 

P2TPD[2F]T                530 58 0.38:0.58:0.04 
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P2TPDBT[2F]T                430 52 0.30:0.49:0.21 

 

Figure 81: CW-EPR spectra of neat PBDT-TS1 film acquired before (black line) and under (blue line) white 

light illumination of the sample at T=80 K. 

Supplementary Note 6. Field-Dependence of Charge Generation 
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Figure 82: Effect of laser fluence on the total extracted charges (Qtot) for (a) P2TPD[2F]T blend and (b) 

P2TPDBT[2F]T blend. Solid lines in the inset are the linear fits. Photo-excitation at 532 nm using a 10 ns 

delay time and -4.0 V collection bias. 



171 

 

 
 
 

 

 

 

Figure S14. Effect of laser fluence on the total extracted charges (Qtot) for (a) P2TPD[2F]T blend and (b) P2TPDBT[2F]T 

blend. Solid lines in the inset are the linear fits. Photo-excitation at 532 nm using a 10 ns delay time and -4.0 V collection 

bias. 

Supplementary Note 7. 2-Pool Model Fit   

The 2-pool model function used to fit the kinetics of charge densities is shown as follow: 

𝑛(𝑡) = (1 − 𝑓)𝑛0(1 − 𝑒−𝑡/𝜏) + 𝑛0𝑓 − (𝜆𝑘𝜆𝑡 + (𝑓𝑛0)−𝜆)−1/𝜆 

Equation 29 

Where 𝑛0 stands for initial charge carrier density, 𝑓 stands for the fraction of charges 

undergoing non-geminate recombination, 𝑘𝜆 is the density-dependent recombination rate 

constant and 𝜆+1 is the order of bimolecular recombination.  

For 𝑛0 values, we calculated the fraction of absorbed photons of each blend at 532 nm as 

a function of excitation intensity. Then, we multiplied the number of absorbed photons by 

the fraction of quenched excitons which is determined by TRPL results. This method was 

applied for each excitation fluence and the calculated charge carrier densities were used in 

the fit function.  

For P2TPD[2F]T blend, 𝑘𝜆 which determines the onset of bimolecular recombination was 

found to vary with the excitation density. For this blend, the value of 𝑘𝜆 for the fit was not 

shared for all excitation densities. To acquire a meaningful value for bimolecular 

recombination rate, we plot the extracted values of 𝑘𝜆 against the charge carrier density 

(see Figure 83). Then, we fit the data with a power law function resulting in the expression 

of 𝑘𝜆 = 0.00226𝑛−1.375, where n is the charge carrier density. 
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Figure 83: Recombination rate constant dependence on Charge carrier density for P2TPD[2F]T blend. Red 

line is a power law fit. 

Supplementary Note 8. Device Simulation 

Internal quantum efficiency (IQE) calculation was done by taking into account the 

reflection and the parasitic absorption of the devices following the equation:  

𝐼𝑄𝐸 = 𝐸𝑄𝐸/(1 − 𝑅% − 𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛) 

Equation 30 

For Space-Charge-Limited Current (SCLC) Measurement, the carrier mobilities for both 

hole and electron of optimized PBDT-TS1:P2TPD[2F]T films were determined by fitting 

the dark current hole/electron-only diodes to the space-charge-limited current (SCLC) 

model. Hole-only diode configuration: Glass/ITO/PEDOT:PSS/PBDT-

TS1:P2TPD[2F]T/MoO3/Ag; here, Vbi=0 V (flat band pattern formed by 

PEDOT:PSSMoO3) and thus V-Vbi = V. First, MoO3 (7 nm, 0.3 Å s-1) was thermally 

evaporated (~10-6 Torr) onto the ITO-coated glass through a shadow mask defining an 
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active area of 0.1 cm2. After deposition of the active layer on the MoO3-coated substrates, 

MoO3 (7 nm, 0.3 Å s-1) and Ag (100 nm, 5 Å s-1) were deposited via thermal evaporation 

in a vacuum chamber at a base pressure of 2×10–6 mbar. Electron-only diode configuration: 

Glass/ITO/ZnO/PBDT-TS1:P2TPD[2F]T/Ca/Al; here, Vbi=0.25 V. Active-layer 

thicknesses were measured with a Tencor surface profilometer. Active layer thickness for 

PBDT-TS1:P2TPD[2F]T blend was found to be 48 nm. 

The electric-field dependent SCLC mobility was estimated using the equation below:  

𝐽(𝑉) =
9

8
𝜀0𝜀𝑟𝜇0exp (0.89𝛽√

𝑉 − 𝑉𝑏𝑖

𝐿
)

(𝑉 − 𝑉𝑏𝑖)
2

𝐿3
 

Equation 31 

where 𝜇0 is the zero-field mobility, L is the film thickness, J is the dark current density, V 

is the voltage, Vbi is the built-in voltage, 𝜀0 is the vacuum permittivity, 𝜀𝑟 is the dielectric 

constant and 𝛽 is the field activation factor.   

Electron mobility was found to be 8.4x10-6 cm2/Vs while the hole mobility is 1.3x10-4 

cm2/Vs. 

Electron and hole mobility for PBDT-TS1:P2TPDBT[2F]T are 6.1x10-5 cm2/Vs and 

3.1x10-4 cm2/Vs, respectively. These values are taken from the previous study.[214] 
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Figure 84: Experimental dark current densities as a function of effective voltages of PBDT-

TS1:P2TPD[2F]T for (a) hole only; here Vbi = 0 V and (b) electron only; here Vbi = 0.25 V. 

Optical Simulation 

Seftos uses transfer matrix formalism to simulate the wavelength dependent interference 

pattern in the devices, and thus the absorption in the active layer under one sun. We 

simulated the optimized device structures represented on Figure 85. 
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Figure 85: Layer structure of the simulated device 

Except for the active layer, the optical indexes were already present in the library provided 

by Setfos. For the active layer, the imaginary part k(λ) of the optical constant was derived 

from the decadic absorption coefficient α10(λ) (see figure S1):  

𝑘 (𝜆) =  
𝛼10(𝜆) ×  𝜆

4𝜋 × ln (10)
 

Equation 32 

Where λ is the wavelength. 

The real part n(λi) of the optical constant was then estimated from the spectrum of the 

imaginary part k(λ) using the Kramers-Kronig relation: 
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𝑛(𝜆𝑖) =  
2

𝜋
𝒫 ∫

𝜆 𝑘(𝜆)𝑑𝜆

𝜆2 − 𝜆𝑖
2

∞

0

 

Equation 33 

Where 𝒫 denotes the Cauchy principal value. 

However, the imaginary index k(λ) being known only through a part of the spectrum, a part 

of the integral is missing. As an approximation, we correct this by shifting the whole 

spectrum n(λ) by a constant such as to have 𝑛(𝜆 = ∞) =  √𝜀𝑟 where εr is the relative 

dielectric constant, that we took equal to 3.3, a typical value for organic semiconductors. 

Figure 86(a)-(e) shows some the comparison of refractive indexes determined using a 

Kramers Kronig relation to those determined by ellipsometry, exemplified on some films 

for which both k and n were experimentally available. As can be seen, Kramers-Kronig 

relation offers a good approximation of the shape of n(λi) but a shift has to be applied in 

order to compensate for the missing part of the integral. Figure 86(f) shows the 

experimental k indexes measured for PBDTTS1:P2TPD[2F]T and 

PBDTTS1:P2TPDBT[2F]T films and the n indexes estimated using Kramers-Kronig 

relation. 
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Figure 86: Determination of the refractive index of a film using a Kramers Kronig relation. (a)-(e): examples 

of reconstruction of the experimental refractive indexes of films (from references [231] and [189]) from their 

extinction coefficient k using the Kramers Kronig relation, with CB standing for chlorobenzene and CN for 

chloronaphtalene. (f) estimate of the refractive index of PBDTTS1:P2TPD[2F]T and 

PBDTTS1:P2TPDBT[2F]T films from their extinction coefficient using a Kramers Konig relation and 

adjusted to a 𝑛(𝜆 = ∞) of 1.82. 

Energy Levels 

The transport layer/active layer interfaces are considered as building an ohmic contact 

resulting in the pinning of the Fermi levels to the LUMO of the active layer’s electron 
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acceptor (ZnO side) and HOMO of the active layer’s electron donor (MoOx side). Those 

energy were thus given to the electrodes. 

Moreover, charge generation in organic semiconductor’s heterojunction involves some 

energy losses which are still too improperly understood to be implemented in the model, 

including for example the CT-state binding energy. As a result, those losses have to be 

accounted by empirically lowering the HOMODonor-LUMOAcceptor gap given to the model 

until the simulated JV curve match the experimental VOC. We chose to do that by adjusting 

the value of the LUMO of the acceptor (and together the Fermi level of ZnO). Interestingly, 

the same effect can be obtained by adjusting the effective density of state of the active 

layer. Practically, it appears that – in the range of occupation fraction of the bands relevant 

to photovoltaic applications – increasing the effective density of states by one order of 

magnitude is fully equivalent to increasing the bandgap by a number around 110 meV. 

 

Figure 87: Energy levels used for the simulation 

Generation and recombination efficiencies 
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Finally Setfos uses two non-ideality parameters to represent the device physics more 

realistically. The generation efficiency accounts for the losses between photon absorption 

and charge separation (such as excitons not reaching the interface or geminate 

recombination), it is already detailed in the manuscript. The reduction factor (𝜉) represents 

the deviation of the recombination rate compare to Langevin recombination, in other words 

the reduction factor of experimentally recombination compare to Langevin recombination. 

In our case it is calculated as the ratio between the theoretical prefactor of Langevin 

recombination rate 𝑘𝑙𝑎𝑛𝑔𝑒𝑣𝑖𝑛 =  
𝜇𝑒+𝜇ℎ

𝑞𝜀𝜀0
 , and the experimentally observed prefactor derived 

from the 2-pool model fit of the decay of charge carrier density probed by transient 

absorption. 

However, while Langevin recombination is a bimolecular phenomenon (
𝑑𝑛

𝑑𝑡
=

 𝑘𝑙𝑎𝑛𝑔𝑒𝑣𝑖𝑛𝑛2), we experimentally observe a higher recombination order: 
𝑑𝑛

𝑑𝑡
=  𝑘𝜆𝑛𝜆+1 . It 

results that the ratio between Langevin and actual recombination depends of the charge 

density: 𝜉 =  
𝑅𝑎𝑐𝑡𝑢𝑎𝑙

𝑅𝐿𝑎𝑛𝑔𝑒𝑣𝑖𝑛
=  

𝑘𝜆𝑛𝜆−1

𝑘𝑙𝑎𝑛𝑔𝑒𝑣𝑖𝑛
. We tackle this issue by making a first estimation of 𝜉 

for a guessed steady state charge density of 1016cm-3, running the simulation and extracting 

from it the average charge density across the active layer thickness as < √𝑛𝑝(𝑧) >, and 

recalculating 𝜉, and so on iteratively until convergence, which is to say until the average 

charge density obtained from the simulation and the 𝜉 parameter input of the simulation 

are self-consistent.  
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For PBDT-TS1:P2TPD[2F]T we obtain a recombination factor larger than Langevin (RE 

= 1.4 for a charge density of 1016cm-3). We speculate that this is due to either the relative 

imprecision on the SCLC mobility values, hence on the Langevin recombination 

coefficient, or to a different n-dependence of recombination at lower fluences than those 

used in TA. As a result, we used a non-reduced recombination: 𝜉 = 1. 

For PBDT-TS1:P2TPDBT[2F]T, we obtain a 𝜉 of 0.08 to 0.32 depending on the bias 

condition. Indeed, a consequence of the charge density dependent recombination 

coefficient, is that 𝜉 take different values as function of the voltage applied to the device: 

under open circuit conditions for example, charges accumulate by lack of extraction, thus 

yielding a larger recombination, hence a smaller reduction compare to Langevin, while a 

more reduced recombination is observed at short circuit. Practically, for the JV curve 

simulation reported in the manuscript, we used for the whole voltage range, the 

recombination efficiency corresponding to the charge density obtained around the 

maximum power point of the device (around 0.77V). 
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Figure 88: Simulated charge densities along the active layer of PBDT-TS1:P2TPDBT[2F]T cells under 

short circuit (SC) and open circuit (OC) conditions as well as at the maximum power point (MPP). The 

horizontal line represent the spatially averaged charge density. 

Table 10: Parameters used for the simulation 

System PBDT-TS1:P2TPD[2F]T PBDT-TS1:P2TPDBT[2F]T 

neff  1025m-3 1025m-3 

HOMOD 5.03 eV 5.03 eV 

LUMOA 3.725 eV 3.7128 eV 

Generation efficiency 0.367 0.615 
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Recombination efficiency 1 0.2 

Electron mobility 8.4 × 10-6 cm2V-1s-1 6.1 × 10-5 cm2V-1s-1 

Hole mobility 1.3 × 10-4 cm2V-1s-1 3.1 × 10-4 cm2V-1s-1 

Relative dielectric constant 3.3 3.3 
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Chapter 7: Conclusion and Future Work 

7.1 Summary 

In chapter 4 of the thesis, I showed that optical spectroscopic techniques can be used to 

identify different polymorphs of the conjugated low-bandgap polymer D-PDPP4T-HD in 

solution and solid state. Employing TCB as a co-solvent alongside CF leads to the 

formation of a second aggregated phase (β2), whose fraction depends on the volume ratio 

of the two solvents. Applying the MCR-ALS method to the absorption spectra of dilute 

polymer solutions at various volume ratios of TCB vs. CF reveals the individual absorption 

signatures and the component contribution of the amorphous, β1, and β2 phases as a 

function of the TCB content. With this information in hand, it was possible to trace the 

formation of each phase as the TCB content increases. The first process includes the 

transformation of the β1 to the α phase as the TCB content increases from 0% to 67%. The 

second process is the transformation of α phase to the β2 phase for TCB contents above 

67%. The interactions between the different polymorphs was investigated by time-resolved 

photoluminescence technique. By selectively exciting each polymorph in solution, exciton 

lifetimes of 29 ps, 78 ps, and 129 ps were determined for α, β1, and β2, respectively. Since 

excitons are not quenched by charge or energy transfer in solution, no interaction was found 

between the polymorph phases. The aggregated phases were preserved in the solid state 

and the effect of the presence of the β2 phase on the photovoltaic performance was deduced 

from the enhanced photon-to-current conversion efficiency in the near-infrared region, 

specifically the 870 nm absorption peak. 
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In chapter 5, transient absorption spectroscopy was used to monitor and compare the 

dynamics of charge transfer state formation and recombination in triangulene-spacer-

perylenediimde dyads with varying spacer lengths. The systems chosen for the study were 

tailored with sufficient energy level offsets between the donor and acceptor moieties to 

facilitate charge transfer formation. Selective excitation of the donor results in an ultrafast 

Dexter-type energy transfer to the acceptor followed by a fast hole transfer to form charge 

transfer states, moreover, this hole transfer was also observed by direct excitation of the 

acceptor moiety. While increasing the donor-acceptor spatial separation slows down both 

the charge generation and recombination rates, the ratio of charge generation to 

recombination rates increases. This ratio reflects the population of charge transfer states 

and was found to increase exponentially with the oligophenylene spacer length independent 

of whether the hole transfer occurred directly from the acceptor (after photoexcitation) or 

following energy transfer from the donor. However, energy transfer from the donor to the 

acceptor was shown to populate a high-lying “dark” excited state, which undergoes charge 

transfer to a higher-energy charge transfer state that exhibits decreased generation and 

recombination rates. The present study provides an example of mimicking the effect of 

donor-acceptor separation in organic solar cells without the added complexity of 

intermolecular interactions. 

In chapter 6 of this thesis, I demonstrate a systematic approach to quantify the 

photophysical losses occurring in organic solar cells starting from photon absorption 

followed by charge generation and charge recombination prior to extraction. The study 
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utilizes time-resolved photoluminescence (TRPL), transient absorption (TA), and time-

delayed collection field (TDCF) spectroscopy techniques in addition to an advanced 

analytical method for spectral and temporal data deconvolution to quantify the yield of 

individual photophysical processes. The proposed methodology was successfully applied 

to two model all-polymer BHJ systems, specifically to understand the effect of 

incorporating benzothiadiazole (BT) into the backbone of the conjugated polymer acceptor. 

Specific exciton and charge recombination parameters were extracted from applying fit-

functions to the data obtained from the aforementioned techniques and the parameters were 

used to simulate the JV characteristics of the devices. The results of the simulation 

supported the proposed methodology and the overall study provided insights to the 

importance of thin-film morphology for the device performance. Finally, from the study 

we concluded that the observed triplet formation by free charge recombination has no 

negative effect on the overall device performance.     

7.2 Future Work 

7.2.1 Stability of Non-Fullerene Based Organic Solar Cells 

To date, silicon-based photovoltaic technologies have been leading the global PV market, 

while second-generation technologies are rapidly growing. These technologies are 

industrially valuable due to their high module efficiencies of 15-20% and long-term 

stability around 20-30 years.[242, 243] In order for the third generation of PV technologies 

especially OPV to enter the PV market and to gain a certain share, three requirements must 

be met: first, low-cost production, which is a viable aspect of OPV technology, since the 
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materials can be solution-processed. Second, high efficiencies comparable to the first and 

second generation technologies. With the emergence of non-fullerene acceptor (NFA) 

materials, the OPV technology now offers a significant potential for commercialization 

owing to the recent power conversion efficiency (PCE) boost.[14, 169, 201] The 

performance advancement trend driven by the incorporation of different material classes 

of NFA systems predicts that reaching PCEs comparable to silicon-based technologies is 

feasible.[244] However, the third requirement, which is long-term stability, is a 

fundamental challenge that needs to be addressed. In fact, a recent study included the 

aforementioned points as factors to determine an industrial figure of merit (i-FOM) for 

material accessibility.[245]  

However, device efficiency, stability, and cost of materials are not the only factors 

hampering the commercialization of OPVs. Other challenges this technology faces include 

the problematic upscaling to large-area thin-film modules free from pinholes through 

flexible printing techniques, in which the electrodes are also flexible and transparent.[246-

248] The state-of-the-art OPV devices, incorporating fullerene or non-fullerene electron 

acceptors, are mostly optimized under lab-scale conditions, that is, spin-coating, and obtain 

higher performance due to their small active area.[249] These protocols include specific 

film preparation and post-processing annealing conditions that are not adaptable to coating 

techniques implemented in mass production.[250, 251] Eva et al.[252] demonstrated that 

only a small percentage of a set of 104 screened polymer combinations could be scaled-up 

for manufacturing. For this reason, preparing (lab-scale) devices by a scalable printing 
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technique is of crucial importance. Blade-coating is being used in laboratories due to the 

full scalability potential allowing roll-to-roll (R2R) solution processing in addition to the 

high reproducibility of homogenous film formation, resulting in moderate device 

performance.[253, 254] As matter of fact, blade-coated NFA-based OPV devices 

incorporating ITIC derivatives are able to reach and surpass the 10% benchmark when 

processed in air.[255, 256] The state-of-the-art blade-coated OPV devices with an active 

area of 1.07 cm2 reached a PCE of 14% using an industrial process compatible solvent, 

tetrahydrofuran (THF).[15]       

Improving device stability is important to the OPV research community, as a requirement 

to enter the PV market. OPV devices should have the ability to maintain a stable 

performance over a certain period of time that exceeds the energy payback time. A 3-5 

years lifetime OPV device with a PCE of 5% was shown to have sufficient payback time 

to compete with fossil fuels;[16] device lifetime is defined as the time it takes for the device 

efficiency to drop by 20%, following the initial abrupt burn-in drop. There are several 

factors affecting the stability of organic solar cells. Firstly, the photo-oxidation of the layers 

by oxygen and humidity during illumination.[257, 258] Although this degradation channel 

can be minimized by encapsulation, many studies tried to understand and mitigate the 

problem without encapsulation.[259-263] Other factors affecting stability are degradation 

of the organic materials, chemical contamination of interlayers, and morphological changes 

induced by heat exposure.[257, 264] During the operation of a device, the incoming solar 

irradiation causes the temperature of the device to rise, which acts as an ON and OFF 
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thermal annealing. It was shown that heat exposure causes thermal instability of BHJ active 

layers by altering the film morphology.[265-268] The majority of thermal stability research 

has been focused on understanding and reducing phase separation by using crosslinking 

techniques[269-271] and compatibilizers[272, 273] to control fullerene nucleation and 

aggregation. On the other hand, thermal stability of non-fullerene systems is being tackled 

by developing novel materials that could overcome intermolecular aggregation upon 

heating[274-276] or by selecting solvents that would induce different morphological 

stability.[256] However, tracking morphological changes of NFA systems with high-

resolution microscopic techniques such as transmission electron microscopy (TEM) is not 

straightforward. Hence, using optical and electrical spectroscopic techniques is vital to 

understand the photophysical processes behind heat-induced morphological changes in 

NFA devices.         

As future work, I propose to investigate the effects of elevated temperature and light 

illumination on the long-time stability of blade-coated non-fullerene organic solar cells. 

Applying spectroscopic techniques such as transient absorption, time-resolved 

photoluminescence, and time-delayed collection field on degraded samples would allow us 

to better understand the effects of constant illumination and heat exposure on the physical 

mechanisms of OPV devices, starting from photon absorption, followed by charge 

generation, and charge extraction. 

7.2.2 Effect of Charge Recombination on Non-Radiative Voltage Losses in Non-

Fullerene Organic Solar Cells 
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Great effort has been devoted to achieving highly-efficient organic solar cells (OSCs) with 

internal quantum efficiencies approaching unity.[277, 278] The bottleneck to reaching 

conversion efficiencies as high as 20% however, is the open-circuit voltage (VOC). Values 

of VOC are still low relative to the optical bandgap of the photoactive material. This 

difference could be translated as the energy loss often denoted as Eloss= Eg - eVOC and it 

typically ranges from 0.5 eV to above in OSCs. Simulation showed that an Eloss of 0.4 eV 

for a material of a bandgap ranging between 1.4 and 1.5 eV could yield a 20% solar 

cell.[279] For this reason, acquiring the full picture of energy and voltage losses is of 

extreme importance to the advancement of OSC material and device design. 

The total voltage loss in OSCs is a consequence of charge generation and charge 

recombination losses. Charge generation losses originate at the D/A interfaces and are 

required to overcome the ~0.5 eV exciton binding energy and to form a charge transfer 

(CT) state.[280] This step is essential for separating electrons and holes in organic 

materials due to the excitonic nature of the primary excited states.[47] Fortunately, these 

charge transfer losses (Eg-ECT) can be minimized without impeding the fast charge 

separation in fullerene and non-fullerene systems.[46, 281] On the other hand, voltage 

losses due to charge recombination (ECT - eVOC) account for the largest part of the voltage 

losses in OSCs, around 0.55 eV, and are comprised of radiative and non-radiative 

recombination losses.[282] Radiative recombination is an intrinsic property of CT states 

and Vandewal et al.[283] demonstrated that voltage losses due to radiative recombination 
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(ΔVr) can be minimized by reducing the D/A interfacial area. This leaves the remaining 

voltage losses to be non-radiative recombination, which can be quantified as: 

∆𝑉𝑛𝑟 =
𝑘𝐵𝑇

𝑞
ln (

1

𝐸𝑄𝐸𝐸𝐿
) 

Equation 34  

where ∆𝑉𝑛𝑟 stands for voltage losses due to non-radiative recombination, 𝑘𝐵 is the 

Boltzmann constant, T is the absolute temperature, q is the elementary charge, and 𝐸𝑄𝐸𝐸𝐿 

is the quantum yield of electroluminescence (EL). While the voltage reduction by charge 

generation losses and radiative recombination losses is understood, non-radiative 

recombination amounts to a considerable fraction of additional voltage loss, for reasons 

still largely unclear. Typical values of ∆𝑉𝑛𝑟 for OSCs are around 350 meV, that is high in 

comparison to inorganic solar cells.[282, 284] Recent advancements in non-fullerene 

acceptors (NFA) systems resulted in a ∆𝑉𝑛𝑟 reduction to 200-300 meV.[279] Benduhn et 

al.[285] have shown the inverse relation between non-radiative voltage losses and the CT 

state energy in OSC systems. Their work also suggests that non-radiative voltages losses 

are intrinsic in OSCs due to the presence of carbon-carbon bonds and associated vibronic 

states.[285] However, identifying the reasons behind the reduction of non-radiative voltage 

losses within different OSC systems is essential to reach 20% efficiencies. 

As future work, I propose to investigate whether a relationship exists between the non-

geminate recombination of free charge carriers and the non-radiative voltage losses. The 

photophysical analyses have to include the fraction of free charge generation, the 
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bimolecular recombination rate, and the order of the charge recombination process.  

Several studies revealed the impact of bimolecular recombination on the open-circuit 

voltage of polymer:fullerene systems.[63, 64, 286] However, the proposed calculations do 

not correlate the rate of bimolecular recombination to a specific voltage loss mechanism 

and have not been applied to non-fullerene acceptor systems yet.       
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