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Abstract 

Electrification of societies and the rapid development of artificial intelligence are predicted to 

significantly increase global energy demand in the coming years. Meeting this demand sustainably 

requires renewable energy sources. Organic solar cells (OSCs) have emerged as a promising 

candidate, achieving power conversion efficiencies exceeding 20% in laboratory settings through 

the development of non-fullerene acceptors (NFAs). However, limited long-term stability remains 

a major challenge for commercialization. 

 

In this work, the photodegradation of the NFAs Y6 and IT4F (outdoor photovoltaics), GS-ISO and 

FTCC-Br (indoor photovoltaics), and the donor polymer PTQ10, was investigated in neat films, 

bulk heterojunction (BHJ) blends and solar cell devices under standardized Am1.5G LED 

illumination without UV in air. A combination of UV-Vis-NIR absorption spectroscopy, 

photoluminescence (PL), transient absorption spectroscopy (TAS) and device characterization was 

used to correlate material degradation with device performance. 

 

The results showed wavelength dependent degradation for IT4F, GS-ISO and FTCC-Br, with 

higher energy photons causing more severe damage, while Y6 exhibited high photostability. 

Although the absorption of PTQ10 remained stable after light soaking, a reduced 

photoluminescence quantum yield (PLQY) and shortened lifetimes indicated increased non-

radiative recombination. TAS revealed accelerated formation of bound polaron pairs in light 

soaked IT4F, GS-ISO and FTCC-Br, while no such features were observed for PTQ10. Despite 

efficient charge transfer in BHJ blends, the devices showed a dramatic loss of performance and 

external quantum efficiency after 12 hours of light soaking. This loss in performance could not be 

explained solely by the photodegradation of the active layer, and indicated additional problems 

within the device stack, including increased series resistance and reduced shunt resistance. Overall, 

the results demonstrated that a dominant degradation pathway is the formation of non-radiative 

recombination channels driven by photoinduced degradation of the NFAs. 

 

 

  



iv 

 

Acknowledgement 
 

I would like to thank Alexander Gillett for all your support and excellent supervision throughout 

this project. Our discussions were inspiring and led me in a good direction. I am grateful for the 

opportunities given and for the freedom in the lab to explore this new field for me. It has also been 

inspiring to follow the work of you, Aman and Ramesh, in building your new lab. Thank you, 

Aman and Ramesh, it has been great to share office with you. Discussions on photophysics as well 

as other topics made my time here fun and memorable. 

 

I would like to thank everyone in the OPV lab for being helpful. Gangadhar Banappanavar, thank 

you for the training on the instruments as well as helping me with performing the TAS 

measurements. Nakul Jain, thank you for helping me with the PLQY measurements. Anna Lang, 

thank you for your help and company when fabricating devices. It was nice to attend the weekly 

OPV meetings and learn from all your projects. 

 

I would like to thank Sven Englund for equipping me with material and lab supplies, as well as 

ordering new materials during the project. Thank you Niclas Solin for your input at the mid-term 

review and being examiner on this work. I would also like to thank Frida Höglander for helping 

me to find an opponent, and David Lagerqvist for being the opponent for my thesis. 

 

 

 

 

Karolina Johansson, April 2026



v 

 

Table of Contents 
1. Introduction ............................................................................................................................. 8 

1.1 Aim .............................................................................................................................. 9 

1.2 Research questions ...................................................................................................... 9 

1.3 Approach ................................................................................................................... 10 

1.4 Limitations of the study ............................................................................................. 10 

2. Theory ................................................................................................................................... 11 

2.1 Organic semiconductors ............................................................................................ 11 

2.1.1 H- and J- aggregates ......................................................................................... 13 

2.2 Working principle of organic solar cells ................................................................... 15 

2.3 Recombination processes .......................................................................................... 16 

2.4 Solar cell architecture ................................................................................................ 18 

2.6 Degradation mechanisms ........................................................................................... 19 

2.7 Characterization of thin films .................................................................................... 19 

2.7.1 UV-Vis-NIR absorption spectroscopy ................................................................ 19 

2.7.2 Photoluminescence (PL) spectroscopy .............................................................. 20 

2.7.3 Transient absorption spectroscopy (TAS) .......................................................... 21 

2.8 Characterization of solar cells ................................................................................... 24 

2.8.1 Current density-voltage (J-V) measurement ...................................................... 24 

2.8.2 External quantum efficiency (EQE) ................................................................... 26 

3. Previous research .................................................................................................................. 27 

4. Method .................................................................................................................................. 29 

4.1 Materials .................................................................................................................... 29 

4.2 Instruments ................................................................................................................ 30 

4.3 Fabrication ................................................................................................................. 30 

4.3.1 Fabrication of Neat and BHJ films .................................................................... 31 

4.3.2 Fabrication of solar cells ................................................................................... 32 

4.4 Experiments and characterization .............................................................................. 32 

4.4.1 Light soaking conditions .................................................................................... 32 

4.4.2 Neat films ........................................................................................................... 34 

4.4.3 BHJ films ............................................................................................................ 35 

4.4.4 Transient absorption spectroscopy .................................................................... 35 

4.4.5 Solar cells .......................................................................................................... 35 

5. Results and discussion .......................................................................................................... 37 

5.1 Neat films .................................................................................................................. 37 

5.1.1 Dark stored versus light soaked neat films ........................................................ 37 

5.1.2 Absorbance profile for the NFAs and the donor polymer ................................. 39 

5.1.3 Wavelength dependent degradation of neat films .............................................. 40 

5.3 BHJ films ................................................................................................................... 55 

5.4 Transient absorption spectroscopy ............................................................................ 57 

5.4.1 Neat PTQ10 ....................................................................................................... 57 

5.4.2 Neat IT4F ........................................................................................................... 59 

5.4.3 PTQ10:IT4F ....................................................................................................... 61 



vi 

 

5.4.4 Neat GS-ISO ...................................................................................................... 63 

5.4.5 PTQ10:GS-ISO ................................................................................................. 66 

5.4.6 FTCC-Br ........................................................................................................... 67 

5.4.7 PTQ10:FTCC-Br ............................................................................................... 69 

5.5 Solar cells .................................................................................................................. 71 

5. Methodological discussion and suggested improvements .................................................... 73 

6. Conclusion ............................................................................................................................ 75 

Bibliography ............................................................................................................................. 77 

Appendix .................................................................................................................................. 83 

 

  

 

 

  



vii  

 

List of abbreviations 
 

A ï Acceptor 

D ï Donor 

EQE ï External quantum efficiency 

ETL  ï Electron transport layer 

EEA ï Exciton-exciton annihilation 

FF ï Fill factor 

GSB ï Ground state bleach 

HOMO ï Highest occupied molecular orbital 

HTL  ï Hole transport layer 

ITO  ï Indium tin oxide 

Jsc ï Short-circuit current density 

LUMO  ï Lowest unoccupied molecular orbital 

NFA ï Non-fullerene acceptor 

OSC ï Organic solar cell 

PCE ï Power conversion efficiency 

PIA  ï Photoinduced absorption 

PL ï Photoluminescence 

PLE ï Photoluminescence excitation 

PLQY  ï Photoluminescence quantum yield 

SE ï Stimulated emission 

SSA ï Singlet-singlet annihilation 

TAS ï Transient absorption spectroscopy 

UV-Vis-NIR  ï Ultraviolet visible near-infrared 

Voc ï Open-circuit voltage 

 

  



 

1. Introduction 

Approximately 60% of the worldôs electricity generation in 2024 still relies on fossil fuels, 

making the energy sector a major contributor to greenhouse gas emissions and global warming 

[1]. To mitigate climate change and transition towards a sustainable and climate-neutral energy 

system, electrification of societies has emerged as a central strategy. Electrification of sectors 

such as transportation and industry is expected to significantly increase the global electricity 

demand in the coming decades [2]. In addition, the rapid development of artificial intelligence 

is putting high pressure on global energy systems. A typical data center focused on artificial 

intelligence consumes as much electricity as 100 000 households and larger data centers under 

construction are expected to consume twenty times as much. The energy demand for data 

centers is predicted to more than double by 2030, reaching levels of 945 TWh per year, which 

is slightly more than Japanôs total annual electricity consumption [3].  

 

It is therefore of the highest importance that this rising electricity demand is met and supplied 

by sustainable and renewable energy sources, where solar power is considered as one of the 

most promising. Earth receives roughly 173 000 TW of solar radiation continuously, and just a 

small fraction of this would be enough to cover the entire worldôs energy demand [4]. Silicon-

based solar cells dominate the solar power market today with an average module efficiency of 

21% [5]. The efficiency of silicon-solar cells is high, but the production of these are energy-

intensive and often involve hazardous chemicals such as lead and cadmium [6]. In addition, the 

recycling process is complex resulting in panels ending up in landfills, a problem expected to 

increase in the next coming years as panels installed in 1990s and 2000s are reaching the end 

of their operational lifetime [7]. 

 

Research on alternative and sustainable materials for solar cells is ongoing. Organic solar cells 

(OSCs) have emerged as a promising candidate, with the possibility of using fully 

biodegradable materials, of fabricating flexible and less fragile devices, and the potential for 

low-cost production using roll-to-roll processing. In recent years OSCs have reached power 

conversion efficiencies exceeding 20% in laboratory settings, primarily driven by the 

development of non-fullerene acceptors (NFAs) [8]. Compared to traditional fullerene electron 

acceptors, which are based on a C60 cage, NFAs are designed without this hollow cage structure. 

This gives great flexibility  to vary the molecular structure by adding end-groups, making it 

possible to tune the energy levels. This has made it possible to design narrow bandgap NFA 

with extended absorption in the near-infrared region to harvest more of the solar spectrum [8]. 

Furthermore, OSCs using wide bandgap NFAs have gained attention for indoor photovoltaic 

applications to power Internet of Things devices, where they absorb light from LED and 

fluorescent bulbs and can reach power conversion efficiencies of 30% [9].  

 

While the efficiencies of OSCs are promising, long-term stability remains a major challenge 

and represents a significant barrier to large-scale production and commercialization. The 

operational lifetime of OSCs often faces three stages, beginning with a rapid initial burn-in loss 
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where the PCE can drop with as much as 60% just in the first few hours of operation, followed 

by a slower degradation before complete device failure [10]. To improve the stability of OSC 

devices it is necessary to understand the underlying photodegradation mechanisms. One method 

to investigate long-term stability is accelerated stability testing. This involves subjecting the 

device to additional stress factors, such as increased light intensity or exposure to air, to reveal 

possible degradation pathways. It is well known that UV-light contribute to accelerated 

degradation of OSCs and recent studies have revealed that some materials exhibit a wavelength 

dependent degradation beyond the UV-regime [11], [12]. However, the understanding of 

wavelength dependent degradation in the visible and NIR-regions as well as the fundamental 

understanding of degradation mechanisms of organic solar cells is still limited. 

  

1.1 Aim 

The aim of this thesis is to investigate photodegradation mechanisms in OSCs based on non-

fullerene acceptor (NFA) materials. To achieve this, I have chosen four non-fullerene electron 

acceptor materials to investigate: Y6 and IT4F designed for outdoor photovoltaics, and GS-ISO 

and FTCC-Br designed for indoor photovoltaics. NFAs designed for indoor and outdoor 

applications were chosen as it is interesting to investigate if there is a difference in stability 

between those with narrow bandgaps compared to the wider bandgap materials. I chose PTQ10 

as the donor polymer in this project as it has a simple chemical structure that is easy and cheap 

to produce [13], which is good for potential commercialization. Furthermore, it is reported to 

have better stability compared to other high-performing donor materials such as PM6 [14]. It is 

also compatible with all four NFAs explored in this study since it has a shallower HOMO 

(Highest occupied molecular orbital) level than the NFAs. In this project the NFAs and the 

donor polymer PTQ10 were studied individually as neat films, then as bulk-hetero junction 

(BHJ) blends, and finally as complete organic solar cells (OSCs). The goal was to gain an 

understanding of the underlying photodegradation mechanisms and correlate changes in the 

materialôs photophysical properties with the overall solar cell performance loss. 

 

1.2 Research questions  

The research questions to be answered are: 

 

1. Is the photodegradation of the NFAs (Y6, IT4F, GS-ISO and FTCC-Br) and the donor 

polymer PTQ10 wavelength-dependent? 

 

2. How does photodegradation affect the photophysical properties of neat films, BHJ blends 

and solar cell performance? 

 

 

3. What are the dominant degradation pathways in these PTQ10:NFA-based organic solar 

cells under light exposure in air? 
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1.3 Approach 

To answer the research questions an experimental study was performed. First, neat films of 

each material were fabricated, light soaked in different light conditions and characterized to 

understand their intrinsic optical properties and photodegradation. Second, BHJ films of donor 

and acceptor materials were fabricated, light soaked and characterized to understand their 

interactions and charge dynamics. Last, complete OSCs were fabricated, light soaked and 

tested. This approach was used to investigate degradation both in the individual materials as 

well as in the donor-acceptor combination. Since degradation can be complex, this approach 

made it possible to understand the degradation of the individual materials first, before moving 

on and applying this knowledge to the blends.  

 

The study focused on accelerated photodegradation in air at room temperature under 

standardized 1-SUN Air Mass 1.5 Global (AM1.5G) LED illumination without UV-component 

for all materials, including the two NFAs intended for indoor applications. By stressing all 

materials in the same way, it was possible to make comparison also between the materials. A 

solar simulator without UV-component was used in this project for three main reasons. Firstly, 

UV light is well known to cause rapid degradation of OSCs and has already been extensively 

studied [10]. Therefore, a solar simulator without UV light made it possible to study the 

degradation caused by other wavelengths of light without being hidden by UV-light induced 

degradation. Second, indoor light normally contains no or little UV [15], making it relevant to 

study the indoor materials without UV radiation. Third, it is possible to integrate a UV-filter on 

outdoor solar cells, making it relevant to study UV-free degradation for the narrow bandgap 

NFAs as well. 

 

1.4 Limitations of the study 

The electrical performance tests were limited to 1-SUN AM1.5G LED illumination. To extend 

the study it would be interesting to measure the electrical performance under indoor 

illumination for the indoor OPV. Furthermore, the films and devices were not encapsulated 

during the light soaking, meaning both light, air and humidity were likely to contribute to the 

degradation. Light soaking was intentionally performed in ambient air to simulate accelerated 

aging conditions. Also in reality, it is hard to fully avoid exposure to air and humidity, both in 

the fabrication process and in the final use-stage, even with proper encapsulation.  
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2. Theory 

This chapter introduces theory relevant to organic semiconductors and solar cells, including 

their working mechanisms, recombination processes, solar cell architecture and degradation 

mechanisms. This is followed by theory about the characterization methods used in the project 

to analyze thin films and solar cell devices. 

2.1 Organic semiconductors 

Organic solar cells (OSC) are based on organic semiconducting materials, ranging from small 

molecules to polymers, which exhibit electrical conductivity properties between insulators (e.g. 

glass) and conductors (e.g. aluminum). These materials are composed of carbon and hydrogen 

atoms, often with heteroatoms such as sulfur, oxygen, and nitrogen incorporated into their 

structure to tune their optical and electronic properties. Figure 2.1 shows the chemical structure 

for a fullerene as well as for the small molecule Y6. NFAs, such as Y6, have a largely planar 

structure which gives greater flexibility to alter the chemical structure and hence tune their 

optical and electronic properties. The extended side chains in NFAs improve the solubility in 

organic solvents [16].  

 

 

 
 

Figure 2.1: The fullerene electron acceptor C60 [16] and the NFA Y6 with a conjugated core 

and side chains [17]. 

 

A key feature of organic semiconductors which underpins their interesting optical and 

electronic properties is the presence of alternating single and double bonds between the carbon 

atoms, forming a conjugated backbone. In such systems the overlap of sp2 hybridized orbitals 

give rise to ů-bonds providing structural stability of the molecule. The remaining unhybridized 

p-orbitals that are oriented perpendicular to the molecular plane, overlap to form ́ -bonds. 

Consequently, the ́ -electrons are not localized to one single carbon atom but instead form a 

delocalized electron cloud along the molecule. The -́orbitals can also interact with those of 

neighboring molecules to form intermolecular electronic coupling, which allows charge carriers 

to hop between molecules via these interactions driven by -́  ́ stacking [18]. Figure 2.2 

illustrates the ˊ- and ů-bonds in ethene along with a schematic of -́orbitals. 

 

9ΣΜ
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Figure 2.2: Illustration of the ů- and  ́-bonds in ethene, and illustration of -́orbitals. Figure 

is taken from [16]. 

 

Unlike inorganic semiconductors which have continuous valence and conduction bands, 

organic materials have discrete molecular orbitals due to the delocalized -́system. Two of the 

most important molecular orbitals, known as the frontier orbitals, are HOMO (Highest 

Occupied Molecular Orbital), the highest energy molecular orbital filled with electrons, and 

LUMO (Lowest Unoccupied Molecular Orbital), the lowest energy empty orbital  [16]. HOMO 

is typically a bonding ́ -orbital while LUMO is typically an anti-bonding ́ *-orbital. The energy 

gap between HOMO and LUMO is referred to as the optical bandgap of the material and 

determines approximately the range of photon energies that the material can absorb [16].  

 

While molecular orbitals provide a single-electron picture, it is important to be aware of the 

more accurate description of electronic processes including the many electronic states. It is 

therefore important to distinguish between orbitals, configurations and electronic states. A 

configuration refers to the specific distribution of electrons in the available molecular orbitals. 

In the ground state (S0) the electrons typically occupy the lowest energy orbitals and are 

typically spin-paired. Upon excitation, the electrons are promoted to higher energy orbitals, 

creating excited configurations. However, the excited states are usually more complex than just 

a single electronic configuration. The excited states are a superposition of multiple electronic 

configurations. For many organic molecules the first excited singlet state is often dominated by 

the HOMO-LUMO excitation, but also includes contributions from other transitions, such as 

HOMO to LUMO+1. Higher excited states often involve more complex mixtures of 

configurations [16]. Figure 2.3 shows a diagram describing the electronic configurations 

contributing to the molecular excited states.  

 

 

Figure 2.3: A diagram of the electronic configurations for the ground state (S0), first excited 

state (S1) and the second excited state S2. Figure is taken from [16]. 
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The excited states can further be classified based on the spin configuration of the electrons. In 

singlet states (S) all electron spins are paired, giving an overall spin of S=0. In contrast, triplet 

states (T) arise when two electrons have parallel spins for an overall spin of S=1. The transition 

from S0 to an excited singlet state is spin-allowed and typically dominates in optical absorption. 

Transitions from S0 to excited triplet states are spin-forbidden and therefore occur with lower 

probability [16]. Figure 2.4 illustrates singlet and triplet states. 

 

 

 

Figure 2.4: Singlet (S) and triplet (T) states. Figure is taken from [16]. 

 

Another diagram to present the electronic energy levels in organic semiconductors is in a state 

diagram as in Figure 2.5. State diagrams present the total energy of the many-electron states 

rather than for individual orbitals separately [16]. 

 

 

Figure 2.5: An energy state diagram. Figure is taken from [16]. 

 

2.1.1 H- and J- aggregates 

As mentioned, the overlap of neighboring molecules -́orbitals leads to the formation of 

delocalized excitonic states and energy level splitting. Depending on the arrangement of the 

molecules it can form different aggregates [16].  

 

In H-aggregates the molecules are stacked face-to-face. The transition dipoles associated with 

the lower energy excited state are arranged antiparallel, while for the higher energy excited state 
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the transition dipole moments are aligned parallel. This configuration leads to destructive 

interference (out-of-phase) for the lowest energy transition and the transition between the 

ground state and lowest excited state becomes optically forbidden. As a result, transitions only 

happen to higher energy state than S1. This leads to a blue-shifted absorption spectra compared 

to the monomer. H-aggregates exhibit quenched luminescence because, following Kashaôs rule, 

emission primarily happens from the lowest excited state due to internal conversion (IC) and 

vibrational relaxation, which in this case is the dark state [16]. 

 

In contrast, J-aggregates form when the molecules stack head-to-tail in a co-linear and parallel 

manner. The dipole moments of the lowest energy excited state are aligned parallel, leading to 

constructive interference (in-phase) between the transition dipoles. The transition to the lowest 

energy excited state becomes strongly  optically allowed. This results in a red-shifted absorption 

and enhanced luminescence [16]. Figure 2.6 a) illustrates the transitions related to H-aggregates 

and figure 2.6 b) the transitions related to J-aggregates. 

 

However, in practice, conjugated polymers and small molecules used in organic solar cells are 

usually not perfectly packed as solely J or H aggregates. They are often a mix of both, but are 

often predominantly H-type or J-type aggregates  [16]. 

 

 

         
 

 

 
 

Figure 2.6: Illustration of the transitions for a) molecules arranged face-to-face exhibiting H-

type aggregation where the lowest-energy excited transition is forbidden and b) molecules 

arranged head-to-tail exhibiting J-type aggregation where the lowest-energy excited transition 

is allowed c) for molecules with oblique orientation, where molecules are tilted and symmetry 

broken, and both excited states are allowed. Figure taken from  [16]. 
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2.2 Working principle of organic solar cells 

Solar cells use the photovoltaic effect to convert light into electricity. When light shines on a 

solar cell with energy equal to or higher than the bandgap of the photoactive material, the photon 

gets absorbed. This promotes an electron from the HOMO to the LUMO, leaving behind a 

positively charged hole in the HOMO. The negatively charged excited electron and the 

positively charged hole are Coulombically attracted, forming an electron-hole pair known as an 

exciton. However, in order to generate an electrical current this exciton needs to be fully 

separated into free charge carriers and travel to the electrodes [19]. In inorganic materials, such 

as silicon, the dielectric constant is relatively high (Ⱡ► ). It results in a strong dielectric 

screening that weakens the Coulomb attraction between the excited electron and hole. This 

Wannier-Mott exciton with low binding energies (Eb å 10-15 meV) can dissociate easily into 

free charge carriers even at room temperature (kBT å 25 meV) [20].  

 

In organic semiconductors the dielectric constant is much smaller, (Ⱡ► ), resulting in a 

strong Coulomb attraction [16]. Ambient temperature is not enough to make this strongly bound 

Frenkel-exciton with high binding-energies (Eb å 0.3-0.6 eV) dissociate. Additional driving 

force is needed, typically provided by an energetic driving force at the interface between 

electron donor (D) material and electron acceptor (A) material in the photoactive layer of the 

solar cell [19]. In traditional OSCs using fullerene acceptors, which have poor absorption in the 

visible range, it is primarily the donor material absorbing light. The exciton splitting is then 

driven by the LUMO offset at the D/A interface where the electron transfers from the donor 

materials LUMO to the fullerene acceptors LUMO. In OSCs using NFAs both the electron 

donor and acceptor harvest photons. If the exciton is formed in the acceptor material it is the 

HOMO offset at the D/A interface that drives the exciton splitting, where the hole transfers 

from the NFAs HOMO to the donor polymers HOMO [19]. It has been proposed that the hole 

transfer dominates in NFA systems, since the donor excitons can Förster resonance energy 

transfer (FRET) to the NFA, followed by hole transfer back to the donor polymer [21]. 

 

When the exciton is split across the D/A interface following both electron and hole transfer, a 

charge transfer (CT) state is formed. This is a critical stage in OPV operation as CT state both 

mediates exciton dissociation, charge generation and charge recombination. More details will 

be about recombination processes related to CT state in the next section. However, if the 

distance between the electron and hole increases the binding energy between falls and will 

eventually be overcome by the thermal energy at room temperature (kBT å 25 meV). At this 

point a charge separated (CS) state is formed, which allows the free electrons and holes to 

diffuse to the respective electrodes [19]. Figure 2.7 illustrates the generation of free charges in 

an OSC following photon absorption by an acceptor material [22]. 
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Figure 2.7: Example of excitation of an acceptor molecule. (1) Illustrates the hole transfer (CT- 

state) from acceptor to donor. (2) Illustrates the charge separation (CS-state). Figure is 

taken/adapted from [22]. 

 

2.3 Recombination processes 

Again, the diffusion of excitons to the D/A interface and their splitting into free charge carriers 

is a crucial step in the OSC operation. Any recombination of excitons or charge carriers reduces 

the number of collected charges and thus lowers the generated photocurrent [19].  

 

Important factors to consider are that singlet excitons typically have short lifetimes in low band 

gap NFA molecules (~ 0.1-1 ns) [23], [24]. This correlates with low diffusion coefficients (~10-

3-10-2 cm2/s), resulting in diffusion lengths limited to ~5-20 nm [25]. These numbers are 

approximations and vary between materials, where NFAs typically have longer diffusion 

lengths than conjugated polymers and fullerenes [25]. To ensure that the D/A interface is within 

the photogenerated excitons diffusion length a bulk heterojunction (BHJ) blend (Fig. 2.11) of 

donor and acceptor is commonly utilized as the photoactive layer. At the same time as it is 

important to ensure enough interfaces, the donor and acceptor domains must also be big enough 

to provide enough charge percolation pathways to get the electrons and holes to reach the 

electrodes without recombining. Therefore, the ideal BHJ morphology is a fine balance between 

enough interfaces and large enough domains to ensure both efficient exciton diffusion and 

separation and efficient charge transport [16].  

 

In organic photovoltaics there are two main classes of recombination called geminate and non-

geminate recombination. Geminate recombination occurs when an electron and hole generated 

from the same photon recombines. This can happen if the exciton fails to reach the D/A interface 

or if charge separation is unsuccessful from the initially formed CT state. Geminate 

recombination can be either radiative, resulting in photon emission, or non-radiative, 

transforming energy into heat [19]. Radiative recombination can occur through fluorescence 

from the first excited singlet state. It can also happen through phosphorescence which is when 

an electron has transferred from singlet state to triplet state through inter-system crossing (ISC) 

and then returns to the ground state with both a spin flip and photon emission. Since it involves 

a spin flip it is a forbidden transition and happens on longer timescales, around microsecond to 

several seconds. Since most OSC materials are composed of light elements the spin orbit 

coupling is weak, making room temperature phosphorescence rare. However, triplet excitons 

c§~§

xÖ~§
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are still important as their long lifetimes increase the probability of interacting with ground-

state oxygen, forming highly reactive singlet oxygen which can attack vinyl bonds or sidechains 

on the conjugated backbone [26]. Singlet and triplet excitons are both formed in OSC during 

operation but mainly singlets contribute to the photogenerated charge. Triplets are often 

associated with unwanted recombination processes [24]. In addition, the concept of polarons is 

important. A polaron is a quasiparticle formed from the distortion of the lattice around a charge 

carrier (electron or hole), which may lead to a self-trapping potential well. Bound polaron pairs 

can be for example intramolecular (or interchain in the case of polymers). These bound polaron 

pairs are often unwanted in OSCs as these charges typically not contribute to the generated 

current [27]. 

 

Figure 2.8 shows a Jablonski diagram illustrating the processes of fluorescence and 

phosphorescence. 

 

 

 

 
 

Figure 2.8: A Jablonski diagram illustrating the processes of fluorescence and 

phosphorescence. S0ĄSn (n=1,2, 3,...)is an optically spin-allowed transition since the electron 

in HOMO and LUMO have opposite spin. TnĄ S0 (n=1,2,3,é) is an optically spin-forbidden 

transition since it breaks the rule requiring spin conservation since the electron in LUMO has 

a parallel spin to the electron in HOMO [16]. 

 

If the exciton successfully reaches the D/A interface and splits into free charges these move 

towards the electrodes. However, recombination can still occur via non-geminate 

recombination, where electrons and holes originating from different photons recombine. Non-

geminate recombination can be radiative or non-radiative. A key non-radiative recombination 

process is trap-assisted recombination, known as Shockley-Read-Hall (SRH) recombination, 

which occurs due to structural defects that have created energy traps within the bandgap. These 

trap states capture charge carriers and increase recombination and directly reduce the device 

performance. Another recombination mechanism is Langevin recombination, when free 

electrons and free holes encounter each other during diffusion and recombine through Coulomb 
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attraction. This process is particularly relevant in organic semiconductors because of their 

relatively low charge carrier mobilities and strong electron-hole interactions [16]. 

2.4 Solar cell architecture 

Solar cells are usually fabricated according to a conventional architecture (Fig. 2.9) or an 

inverted architecture (Fig. 2.10) [19]. The active layer is sandwiched between two transport 

layers, the electron transport layer (ETL) to facilitate electron transport from the electron 

acceptor material towards the cathode, and a hole transport layer (HTL) that facilitates hole 

transfer from the electron donor material towards the anode [19]. In a conventional architecture 

the substrate, often transparent glass, is coated with a transparent conductive anode, such as 

Indium Tin Oxide (ITO) [19]. PEDOT:PSS is commonly used as HTL as it has a high work 

function (5.0-5.2 eV) that matches well with many donor materials HOMO levels and has a 

high optical transparency. However, PEDOT:PSS is both acidic and hydroscopic, meaning it 

can corrode the organic semiconductors in the active layer and absorb moisture [28].   

 

 

 

Figure 2.9: Conventional architecture. 

 

 

Figure 2.10: Inverted architecture. 

 

 

 

Figure 2.11: An illustration of A BHJ blend where an exciton is dissociating at the D/A 

interface. 
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2.6 Degradation mechanisms 

Degradation of OSCs is often divided into extrinsic and intrinsic degradation mechanisms. 

Intrinsic degradation is for example driven by morphological instability. The D:A BHJ blend 

formed directly after coating is often a metastable morphology, which over time tends to evolve 

towards the most thermodynamically stable structure. The problem is that the most 

thermodynamically stable morphology is often not the most favorable morphology for OSC 

operation. It has even been found that the most optimal and kinetically stabilized BHJ 

morphology is the most thermodynamically unstable [29], hence this serves as a challenge in 

designing stable OSCs. Phase separation and formation of larger domains over time reduce the 

D/A interface and is often described as the burn-in-loss, which often is seen as a rapid drop in 

efficiency just in the first few hours of OSC operation [10].  

 

Extrinsic degradation is primarily driven by environmental factors such as water and oxygen 

which can cause corrosion of the metal electrodes and diffuse into the layers of the device [10]. 

Photooxidation can happen in the presence of light and oxygen. There are two main ways that 

destructive oxygen can be formed.  One way is when a triplet exciton transforms its energy to 

ground state molecular oxygen. This creates a highly reactive singlet oxygen. This singlet 

oxygen can then attack the double bonds of the molecule and lead to altered electronic structure 

[30]. Another photooxidation process of the active layer is the formation of superoxide radical 

ions. The yield of superoxideôs being formed is strongly correlated to the LUMO level of the 

electron acceptor. Higher LUMO levels in the acceptor facilitate electron transfer to molecular 

oxygen which increase the formation of superoxide oxygen which accelerates the degradation 

[31].  

 

2.7 Characterization of thin films 

To study the optical properties of the active layer in OSCs different optical spectroscopic 

techniques can be used. In this section the techniques used for characterization of the thin films 

in the project are explained.  

2.7.1 UV-Vis-NIR absorption spectroscopy 

UV-Vis-NIR absorption spectroscopy measures how much light a sample absorbs as a function 

of wavelength. Absorbance ═ is defined as in Equation 2.1 [32]: 

 

═ ἴἷἯ
╘

╘
Ȣ  

 

where ╘ is the intensity of light hitting the sample, and ╘ the transmitted intensity after part of 

the light has been absorbed or reflected by the sample [32]. A typical UV-Vis-NIR 

spectrophotometer consists of a broadband light source covering the UV (200-400 nm), visible 

(400-750 nm) and near-infrared (750-2500 nm) regions, a monochromator to select specific 

wavelength bands, a sample holder and a detector [33].  
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Since the substrate itself can absorb and reflect some of the light it is necessary to make a 

reference measurement on a blank clean substrate. Modern double-beam UV-Vis-NIR 

spectrophotometers split the light into two optical paths using a beam splitter after the 

monochromator. This allows for simultaneous measurement of the blank substrate and sample 

and compensates for electronic and mechanical fluctuations as well as difference in lamp 

intensity that can arise between measurements [33].  

 

The optical bandgap ╔▌
▫▬◄

 can be estimated from the absorption onset of the spectrum (Fig. 

2.12). The absorption onset corresponds approximately to the lowest photon energy needed for 

exciting an electron from HOMO to LUMO.  ╔▌
▫▬◄

 can be approximated using Equation 2.2 

where ⱦ▫▪▼▄◄ is the onset wavelength in nm, ▐ is Planckôs constant and ╬ is the speed of light  

[34]. 

 

╔▌
▫▬◄ ▐╬

ⱦ▫▪▼▄◄ⱦ▫▪▼▄◄
Ȣ  

 

 

Figure 2.12: Absorption spectra of a thin film. The onset wavelength is defined as the x-

intercept of a tangent drawn from the steepest point of the lowest-energy absorption edge. To 

be really precise in determining the bandgap the  x-axis should be in eV instead of nm, due to 

uneven energy-spacing, especially in the UV-region where the difference of a few nm can be on 

the order of 0.5 eV or more [34]. The small artefact seen at 800 nm is due to detector 

changeover. 

 

2.7.2 Photoluminescence (PL) spectroscopy 

Photoluminescence (PL) spectroscopy uses a light source to photoexcite the sample and 

measures the emitted light that arises when an excited electron returns to the ground state 

radiatively, either by fluorescence or phosphorescence [35] as illustrated in the Jablonski 

diagram in Figure 2.8.  

 

A PL emission spectrum is obtained by photoexciting the sample at a fixed wavelength and 

measuring the emission as a function of wavelength. A photoluminescence excitation (PLE) 

spectrum is a complementary technique, obtained by recording the PL intensity at a fixed 

emission wavelength, usually the wavelength of the maximum PL emission, while varying the 

excitation wavelength. While UV-Vis-NIR spectroscopy measures total optical absorption of 



 

21 

 

the sample, the PLE spectrum provides information about the absorption that led to radiative 

recombination. Due to Kashaôs rule the PLE and absorption spectra obtained from UV-Vis-NIR 

absorption spectroscopy usually resemble each other [35].  

 

The PL emission spectrum usually appears at longer wavelengths compared to the PLE 

spectrum. This energy difference is known as Stokes shift and appears due to non-radiative 

vibrational relaxation within the excited state before returning to the ground state. The Stokes 

shift is calculated as in Equation 2.3 [36]: 

 

Ў○
ⱦ╪
□╪● ⱦ█

□╪● Ȣ 

 

 

Where ⱦ╪
□╪● and ⱦ█

□╪● are the wavelengths (nm) at the maximum absorption and emission 

peaks, and Ў○ the difference in wavenumber, usually expressed in cm-1. To be more precise in 

determining Stokes shift the spectra should be converted to wavenumbers before calculating 

the difference. This to avoid errors arising from converting from wavelength to wavenumber of 

the peaks [36]. 

 

Furthermore, it can be of interest to measure the decay to determine the PL lifetime, ˍΦ PL 

lifetime represents the time the electron is in the excited state before returning to the ground-

state radiatively, defined as in Equation 2.4 [37], 

 

Ⱳ
▓► ▓▪►

Ȣ 

 

where ▓► is the radiative rate and ▓▪► the non-radiative rate. 

 

Another quantity of interest is the photoluminescence quantum yield (PLQY) that quantifies 

the efficiency of photoluminescence and is defined as the ratio of the number of emitted photons 

to the number of photons absorbed by the sample. An integrating sphere is used to capture all 

the emitted and scattered light to ensure accurate measurement. PLQY is related to the radiative 

rate ▓► and the sum of the non-radiative rates ▓▪► as in Equation 2.5 [38]. 

 

╟╛╠╨
▓►

▓► В▓▪►
Ȣ 

 

 

2.7.3 Transient absorption spectroscopy (TAS) 

TAS is a pump-probe time-resolved spectroscopic technique used to study short-lived excited 

state dynamics such as charge generation, charge separation and charge carrier lifetimes. In 
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contrast to steady-state PL spectroscopy that mainly measures fluorescence from spin-allowed 

S0ĄSn transitions, TAS makes it possible to observe the triplet exciton dynamics because the 

T1ĄTn transition is spin allowed. A short (~200 fs) pump pulse excites a sample, followed by 

a spectrally broadband probe pulse which takes a snapshot of the absorption of the excited 

sample. Varying the time-delay between the pump and probe pulses allows to track how excited 

states are generated and decay, in time ranges of picoseconds to milliseconds. The measured 

TA signal is the change in optical density (æOD), calculated as in Equation 2.6, where ╘▫██ and 

╘▫▪ are the probe light intensities before and after photoexcitation [39]. 

 

╞╓ ἴἷἯ
╘▫██

╘▫▪
Ȣ  

 

æOD is proportional to the density of the transient species and allows for a quantitative 

measurement of their generation and decay kinetics. It is important to measure TA at a low 

excitation fluence since if the laser is too strong it creates a high density of excitons. These 

excitons can collide and deactivate each other, known as exciton-exciton annihilation (EEA), 

resulting in an artificial low lifetime. SSA/EEA is negligible under real solar cell operating 

conditions which is why using low excitations fluences to avoid is important for obtaining 

representative data for solar cell applications. Higher excitation densities can also cause 

increased non-geminate charge recombination which leads to artificially shortened lifetimes, as 

the charges disappear before their separation is even complete. As non-geminate recombination 

is fluence dependent and increase with increasing fluence, geminate recombination is fluence 

independent. Using a fluence series can therefore separate these processes as well as allow 

investigate which fluence to use to avoid EEA [39].  

 

Figure 2.13 shows a TA spectrum and Figure 2.14 illustrates the transitions related to the 

features that can be seen in TAS. Upon photoexcitation the number of molecules occupying the 

ground state is reduced. This means that more photons are transmitted through the sample in 

the presence of the pump pulse and its absorption subsequently decreases. We refer to this as 

the ground-state bleach (GSB) and it appears as a negative signal, if the spectrum is expressed 

in optical density (OD). GSB appears at the same wavelengths as where the steady-state 

absorption is observed in UV-Vis absorption spectroscopy or PLE. In addition to the GSB, 

stimulated emission (SE) can contribute to negative signals in the TA spectrum. SE occurs when 

photons in the probe pulse interact with an excited state that has an optically allowed transition 

to the ground state. If the photon in the probe pulse has the same energy as the optical transition, 

it can cause radiative decay to occur and this emitted photon adds to the probe intensity, making 

╘▫▪ higher than ╘▫██, leading to a negative æOD. As the S1 excited state is typically responsible 

for SE it is observed in the same wavelength region as the steady-state photoluminescence [39]. 

 

The final type of signal in TAS is a photo-induced absorption (PIA). PIAs appear when excited 

state species absorb photons from the probe light and subsequently get excited to a higher 

energy state (e.g. S1ĄSn or T1ĄTn (n=2,3,4,é). This reduces the transmission of photons 

through the sample and contributes to a positive æOD signal in the TA spectra. The difficulty 
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when measuring D:A blends is that both the polymer and NFA exhibit strong exciton and free 

charge signals, which can also overlap. It is therefore common to measure the TA spectrum of 

neat films of donor and acceptor separately to determine the relevant spectral features of each 

and the singlet exciton lifetime before moving on to the BHJ blend [39]. It can be difficult to 

directly assign a feature in TA spectra to be triplets. One way to circumvent this issue is to 

perform oxygen quenching measurements, by measuring in both inert ambiance as well as in 

air. The triplet lifetime is reduced in presence of oxygen [39]. 

 

 

Figure 2.13: TA spectra of a neat film measured at different time delays. 

 

 

 

 

Figure 2.14: A schematic of the transitions that can be observed in TAS. S, T and D stands 

for singlet exciton, triplet exciton and charged state, respectively. The figure is taken from 

[16].  
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2.8 Characterization of solar cells 

An important part in OSC research is to evaluate the electric performance of the solar cells, 

which in addition can reveal information about their stability and degradation. Below follows 

a description of the measurement techniques performed on the solar cells in this project. 

2.8.1 Current density-voltage (J-V) measurement 

The most standard measurement is a J-V measurement which provides information about 

electrical performance. The solar cell is illuminated while a series of voltages are applied. The 

resulting current density at each voltage step is recorded and results in a J-V curve as shown in 

Figure 2.15. Several solar cell parameters can be extracted from the curve, including the open-

circuit voltage (╥▫╬, the short-circuit current density (╙▼╬), the voltage at maximum power 

(╥╜╟), the current density at maximum power (╙╜╟) as well as the maximum output power 

(╟╜═╧) [40]. 

 

 
Figure 2.15: The current density-voltage characteristics of a solar cell under dark and 

illuminated conditions. 

 

The short-circuit current density ╙▼╬ represents the maximum current generated when no 

external voltage is applied to the cell. In this case the internal electric field within the solar cell 

solely drives the charge carriers to the electrodes upon photon absorption. In an ideal solar cell, 

every absorbed photon would result in a collected charge carrier. However, recombination 

losses in the active layer and at interfaces reduce the ╙▼╬. ╙▼╬ depends on the active layers optical 

absorption properties as well as the efficiencies of charge generation, charge transport and 

charge extraction [41]. Optimizing the band gap and thickness of the active layer is key to 

maximize ╙▼╬. A smaller band gap allows for increased absorption of lower-energy photons, 

which enhances the ╙▼╬ but typically reduces ╥▫╬ . The ╥▫╬ is limited by the bandgap since a 

narrow bandgap lowers the maximal voltage that is possible to generate charges with and leads 

to increased thermalization of the excess energy, since the energy needed for the charge 

generation and separation decreases. Therefore, it can be a bit of a tradeoff between ╙▼╬ and 

╥▫╬. Often a thicker active layer is said to increase light absorption while at the same time it 
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increases the distance charge carriers must travel, which can increase recombination losses [42]. 

Therefore, a simultaneous control of the thickness of the active layer and the charge carrier 

mobility can lead to optimized device efficiency [43]. 

 

The open-circuit voltage ╥▫╬ represents the voltage at which no net current flows through the 

external circuit, corresponding to when the applied voltage bias cancels the internal electric 

field of the solar cell. In OSCs the ╥▫╬ is influenced by the energy level alignment between the 

donor and acceptor materials in the active layer. A low ╥▫╬ can be a sign of trap states, 

impurities or non-photoactive regions in the active layer, dominant non-radiative recombination 

in the active layer, high series resistances or low shunt resistances, or a mismatch in energy 

level alignment [42]. 

 

Shunt resistance represents alternative current pathways within the solar cell which often are 

due to defects or leakage paths in the active layer or interfaces. A low shunt resistance results 

in increased recombination losses and leakage currents through these alternative pathways 

which reduce the fill factor and in extreme cases can cause short-circuit of the solar cell. The 

series resistance represents resistive losses in the OSC layers, at the interfaces between 

materials and at the electrodes. A high series resistance limits the current flow and reduces the 

fill factor [42].  

 

The fill factor FF is described by the ñsquarenessò of a J-V curve. The more ñsquare likeò the 

J-V curve, the higher the fill factor and the higher the efficiency of the solar cell. To maximize 

the FF the shunt resistance should be as high as possible and the series resistance as low as 

possible [44]. The FF can be calculated using Equation 2.7, where the maximum possible power 

output of a cell is divided by its actual power output [44]. 

 

╕╕
╙╜╟╥╜╟
╙▼╬╥▫╬

Ȣ  

 

A single-junction solar cells ability to convert incident light into usable electrical power, the 

power conversion efficiency (PCE), is calculated using Equation 2.8, where ╟▫◊◄ is the output 

power and ╟░▪ is the input power (standard AM1.5G, 100 mW/cm2) [40]. 

 

╟╒╔
╟▫◊◄
╟░▪

╙▼╬╥▫╬╕╕

╟░▪
Ȣ  

 

An important term in solar cell technology is the Shockler-Queisser limit. The Shockley-

Queisser limit defines the theoretical maximum efficiency of a single-junction solar cell under 

standard AM1.5G illumination. Each solar cell has its own theoretical maximum efficiency 

depending on its bandgap. The theoretical limit is about ~33.7% for a single-junction solar cell 

with the optimum bandgap of ~1.34 eV. The Shockley-Queisser limit, meaning the radiative 

efficiency limit, is calculated by only considering radiative mechanisms. Other factors such as 
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non-radiative recombination, reflection and contact losses and incomplete absorption are 

factors that in the balance principle theoretically could be overcome, but in practice are very 

difficult to remove completely [45]. 

 

In addition to a light J-V curve, a dark J-V curve can be obtained and is often presented in a 

semi-log plot. It measures the current density as a function of applied voltage in the absence of 

light and evaluates how close the device behaves to an ideal diode. Leakage currents observed 

in the reverse bias and close to 0 V in the forward bias can be linked to low shunt resistance. 

The series resistance can be estimated by the slope of the J-V curve at higher forward bias. If 

the curve deviates from a linear shape at high forward bias when plotted on a semilogarithmic 

scale it can tell about increased series resistance [46].  

 

2.8.2 External quantum efficiency (EQE) 

External quantum efficiency (EQE) describes how efficiently a solar cell converts incoming 

photons into electrical current. EQE is defined as the ratio between the number of collected 

electrons to incident photons at a given wavelength, expressed as a percentage [47]. The ╙▼╬ can 

be estimated by integrating the EQE over the solar spectrum multiplied with the elementary 

charge. EQE measurements are considered to have lower uncertainty than J-V measurements 

because it eliminates spectral mismatch. Therefore, the calculated ╙▼╬ from EQE is used to 

verify the ╙▼╬ obtained from J-V characterization. Measurements are considered precise if the 

difference between ╙▼╬ from EQE and J-V is within 5% [48]. Figure 2.16 shows an EQE 

spectrum along with the integrated ╙▼╬. 

 

 
 

Figure 2.16: Example of an EQE measurement with integrated ╙▼╬. 
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3. Previous research 

 

Before 2015, the OSC field widely used fullerene-based materials as electron acceptors. 

However, due to their intrinsic limitations, such as weak light absorption and the requirement 

of a large LUMO-LUMO offset with the electron donating polymer for efficient charge 

generation, PCEs were limited to around 11%. In 2015 a new successful NFA molecule named 

ITIC was pioneered by Lin. et al. [49]. ITIC belonged to a new class of NFA called FREA, 

fused-ring electron acceptors, with molecular planarity and strong -́ ˊ stacking. FREAs have 

an A-D-A structure, with an electron-donating fused-ring core (D-unit) with electron-

withdrawing end-groups (A-unit) [49], [50]. In 2019, todayôs non-fullerene FREA benchmark 

Y6 was synthesized for the first time by Yuan et. al [51]. Y6 is an electron-deficient-core-based 

FREA, with the molecular structure A-DôAD-A, having a low optical bandgap of 1.33 eV 

allowing extended absorption in the NIR-region. NFAs like Y6 are designed to reduce the 

HOMO offset while still allowing enough driving force for charge separation, giving it a higher 

╥▫╬ [51].  

 

In 2023 Wang et al. [14] investigated the intrinsic photostability of three donor polymers 

(PTQ10, PM6 and D18) along with the benchmark NFA Y6. The study demonstrated that Y6 

exhibits excellent photostability, while the donor polymers D18 and PM6 showed rapid 

degradation processes upon light soaking. The degradation seen for D18 and PM6 were linked 

to a light-induced dihedral twisting in the benzo[1,2-b:4,5-bǋ]dithiophene (BDT) backbone. In 

comparison, PTQ10 showed good intrinsic photostability, which was explained by its  lack of  

the problematic structural motif on the backbone that PM6 and D18 share [14]. PTQ10 was 

synthesized for the first time in 2018 [13], and is seen as a promising polymer donor candidate 

for commercialization as the synthesis requires only a two-step reaction from cheap raw 

materials (3,6-dibromo-4,5-difluorobenzene-1,2-diamine, glyoxylic acid, 1-bromo-2-

hexyldecane, and 2,5-bis(trimethylstannyl)thiophene), as well as it has a wide bandgap suitable 

together with narrow bandgap acceptors. Already in 2018 it demonstrated PCE of 12.7% in 

combination with the fused-ring electron NFA ITIC [13].  

 

IT4F is a fluorinated derivative of ITIC, where the Fluorine, which is a strong electron-

withdrawing substituent, helps to lower the HOMO/LUMO energy levels to increase the Voc 

[52]. Fused NFAs with the A-D-A molecular structure, such as IT4F, have exocyclic vinyl 

double bonds linking the donor core with the end-groups. The vinyl groups are sensitive to 

photoisomerization, twisting of the vinyl bonds, under illumination in air. The vinyl groups can 

then react with surrounding oxygen to form singlet oxygen, which attacks the vinyl bonds to 

form epoxides, breaking the conjugated backbone. This hinders intramolecular charge transfer 

and causes performance loss for the OSC device [52]. 

 

Another fused NFA is FTCC-Br with a medium band gap designed for indoor photovoltaics 

[9]. PB2:FTCC-Br based OPV cells under simulated AM1.5G illumination reached a PCE of 
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14.8%. The same cell, illuminated under a 3000K LED lamp with an intensity of 200 lux 

reached a PCE of 16.1% and 30.2% at 1000 lux [9]. 

 

Since a majority of FREAs have complicated structures and are complicated to synthesize, non-

fused ring electron acceptors (NFREAs) that are easier to synthesize have emerged as a cheaper 

alternative. Instead of fusing the rings together, the cores are linked by single bonds (C-C), 

where the planarity of the molecular structure is maintained by non-covalent intramolecular 

interactions. Single bonds can twist, which in an OSC would cause poor charge transport. To 

mitigate this, heteroatoms such as FéH, NéS and SéO are incorporated to lock the 

conformation through noncovalent conformational locks [53].  

 

GS-ISO is an example of a non-fused ring wide bandgap NFA with A-D-A molecular structure. 

It is a relatively new material, introduced for the first time in 2022 by Bi et al. [54]. Since then 

it has been reported to achieve quite promising efficiencies, reaching PCE of 11.35% under 

Am1.5G LED solar illumination in a BHJ blend with PM6 in a conventional architecture [55]. 

Together with PTQ10, also in conventional architecture, (ITO/PEDOT:PSS/PTQ10:GS-

ISO/PFN-Br/Al), it reached PCE of 8.68% and Voc of 1.28 V under AM1.5G illumination. 

When tested under 2700K LED at 1000 lux it reached a PCE of 24% and Voc of 0.989 V, 

showing great promise for indoor photovoltaics [56]. 
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4. Method 

This chapter describes the methods for the experiments performed in the project. Starting with 

the materials in section 4.1, instruments used in section 4.2, followed by the fabrication process 

of films and solar cells in section 4.3, ending with the method for the experiments and 

characterizations in section 4.4.  

4.1 Materials 

Figure 4.1 shows the chemical structure of the four NFAs Y6, IT4F, GS-ISO and FTCC-Br. 

Y6, IT4F and FTCC-Br are fused-ring electron core NFAs, whilst GS-ISO is a non-fused 

electron core NFA [9], [51], [52], [55], [57]. Figure 4.2 shows the chemical structure of the 

donor polymer PTQ10.  

 

Figure 4.1: Chemical structure of the NFAs: Y6 adapted from [17], IT4F adapted from [59], 

GS-ISO adapted from [60] and FTCC-Br adapted from [58]. 
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Figure 4.2: Chemical structure of the donor polymer PTQ10 [61]. 

 

 

Figure 4.3 shows the chemical structure of PDINN that was used as electron transport layer and 

PEDOT:PSS that was used as hole transport layer.  

 

 

 

 

 

Figure 4.3: Chemical structure of PDINN [62] and PEDOT:PSS [63]. 

 

4.2 Instruments 

The following instruments were used for characterization in the project: 

¶ Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies) for absorption 

spectroscopy. 

¶ FLS1000 spectrometer (Edinburgh instruments) for PL spectroscopy . 

¶ QE-R (EnliTech) for EQE measurements. 

¶ MiniSol model LSH-7320 (Newport Corporation) for light soaking and J-V measurements. 

4.3 Fabrication  

The fabrication methods for neat and BHJ thin films are described in section 4.3.1 and then 

fabrication of solar cells in section 4.3.2.  
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4.3.1 Fabrication of Neat and BHJ films 

Neat and bulk heterojunction (BHJ) thin films were fabricated using a standardized laboratory 

procedure. Glass substrates were cut (1.5 × 1.5 cm²) and cleaned. The cleaning procedure 

consisted of sonication in acetone followed by sonication in isopropanol for 15 minutes each. 

The substrates were sprayed dry with compressed nitrogen air and then UV ozone treated for 

25 minutes to improve the wettability of the surface. The cleaned glass substrates were 

transferred into the nitrogen filled glove box. 

 

Stock solutions for the neat films (PTQ10, Y6, IT4F, GS-ISO, FTCC-Br) were prepared inside 

the nitrogen-filled glove box in chloroform (CF) to a concentration of 15 mg/mL. The solutions 

were stirred and heated at 30°C (40°C for PTQ10) and 250 rpm to ensure they were completely 

dissolved.  

 

For the BHJ films, stock solutions (IT4F, GS-ISO, FTCC-Br) were prepared in CF with 0.5% 

v/v 1-chloronaphthalene (1-CN), to a concentration of 15 mg/mL, and then stirred and heated 

at 250 rpm at 40°C. 1-CN was added as a processing additive to enhance crystallinity and hole 

mobility, which is known to contribute to an improved solar cell performance [64]. Since CF is 

a halogenated solvent with low-boiling point and high volatility that evaporates rapidly in 

ambient temperatures [65], all vials were sealed when heated and stirred inside the glove box 

overnight.  

 

After overnight stirring and heating, BHJ blend solutions were prepared from the CF and 1-CN 

stock solutions. The PTQ10 stock solution was added to each NFA solution to obtain a D:A 

ratio of 1:1.2. The D:A blends were stirred and heated (250 rpm, 40°C) for additional two hours 

to ensure complete mixing. 

 

Thin films of both neat materials and BHJ blends were fabricated by dynamically spin coating 

20 ɛL of solution at 3000 rpm for 40 seconds onto the cleaned glass substrates. The films were 

then annealed on a hot plate at 110°C for 15 minutes to dry the films and remove residual 

solvents and to help improve film uniformity. The samples were stored in the glove box in 

plastic boxes wrapped in aluminium foil until further characterization. Figure 4.4 shows a 

picture of fabricated thin films. 

 

 
Figure 4.4: Photograph of fabricated thin films. 
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4.3.2 Fabrication of solar cells 

Six solar cell devices of each BHJ-blend were fabricated according to the conventional 

architecture: ITO-glass / PEDOT:PSS / Active layer / PDINN / Ag. 

 

ITO-coated glass substrates (1.5 × 1.5 cm²) were cleaned by sonication in soapy deionized 

water, acetone, and isopropanol for 20 minutes each. The substrates were then dried using 

compressed nitrogen and then UV-ozone treated for 25 minutes. The hole transport layer, 

PEDOT:PSS, diluted 1:1 with deionized water, was statically spin coated at 3000 rpm for 40 

seconds onto the ITO-glass substrates and then annealed at 150°C for 15 minutes. The 

substrates were then transferred into the nitrogen-filled glovebox. 20 µL of the active layer 

(same BHJ recipe used as for the thin films with 0.5% v/v 1-CN) was dynamically spin coated 

at 3000 rpm for 40 s onto the PEDOT:PSS layer. The substrates were then annealed at 110°C 

for 10 minutes. The electron transport layer PDINN diluted in methanol (1 mg/mL) was 

statically spin coated over the active layer at 2000 rpm for 40 seconds. The active layer on the 

edges was scratched off to ensure contact isolation for the coming measurements and then put 

in the evaporation mask. Silver (Ag) electrodes were thermally evaporated under high vacuum 

(~10  mbar) to form the cathode. The pixels were encapsulated with glass for protection. Figure 

4.5 shows a picture of complete solar cell devices. 

 

 

Figure 4.5: Photograph of fabricated solar cell devices. 

 

4.4 Experiments and characterization 

The methods for the experiments and characterizations are described in the following sections. 

Starting with light soaking conditions in section 4.4.1, followed by experiments and 

characterization of neat films in section 4.4.2, BHJ films in section 4.4.3, ending with solar cells 

in section 4.4.4.  

4.4.1 Light soaking conditions 

Photostability was investigated using light soaking experiments under an AM1.5G LED solar 

simulator, set equivalent to 1 SUN intensity (1000 W/m2). To investigate wavelength dependent 
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degradation of the neat films a long pass (LP) filter ( > 610 nm) [66] and a band pass (BP) filter 

(335-610 nm) [67] was used. Figure 4.6 shows the irradiance spectrum for the three illumination 

conditions and Figure 4.7 shows the emission spectra of indoor light sources and the AM 1.5G 

solar spectrum. Figure 4.8 shows the setup used for all light soaking experiments. 

 

 

 

Figure 4.6: Irradiance spectrum for the AM1.5G LED solar simulator for the three 

illumination conditions: Unfiltered, with BP filter (335-610) and with LP filter (>610 nm). 

 

 

 

Figure 4.7: Emission spectra of indoor light sources, white light, Compact Fluorescent 

Lamp and Incandescent bulb, along with the AM1.5G solar spectrum. Figure taken from 

[15]. 
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Figure 4.8: Picture of the AM1.5G LED solar simulator setup used for the light soaking 

experiments. All samples were placed on the same glass container for all experiments. 

BP/LP filter was mounted in the light-path, ~3 cm above the glass containers surface. All 

light soaking experiments were performed in air at room temperature. 

 

 

4.4.2 Neat films 

Neat films of each material were studied individually to investigate their intrinsic optical 

properties and photo-chemical stability. 

Dark stored versus light  soaked neat films 

Neat films were compared to being dark stored in air versus being light soaked in air. One 

sample of each material was stored in a plastic box wrapped in aluminum foil in a cabinet to 

prevent exposure from surrounding light in the room. Another sample of each material was 

illuminated under the solar simulator. UV-Vis-NIR absorption spectroscopy, scanning between 

300-900 nm, was performed on all samples fresh and after being dark stored/light soaked for 2, 

4, 6, 20 and 24 hours (fresh and after 12 hours for FTCC-Br). 

Wavelength dependent degradation of neat films 

Fresh neat films of each material were light soaked for 12 hours under the three different 

illumination conditions: without optical filter, with the LP filter to study degradation caused by 

low-energy photons, and with the BP filter to study the degradation induced by high-energy 

photons.  

 

UV-Vis-NIR absorption spectroscopy and PL spectroscopy including emission and excitations 

scans were performed on the films before and after light soaking. The settings used for the 

emission/excitation wavelengths and bandwidths are written under the figures in the result 

section 5.1.3. A Xenon lamp and Si-detector were used for the PL and PLE spectroscopy. PL 

decay was measured using time-correlated single-photon counting (TCSPC), a 635 nm laser 

and Si-detector. PLQY were measured using an integrating sphere, a 635 nm laser and Si-
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detector. The PLQY was measured on 6 fresh samples of each material and 2 or 3 light soaked 

samples of each material and light soaking condition. 

 

4.4.3 BHJ films 

BHJ films (PTQ10:NFA) were investigated to evaluate the degradation and charge dynamics 

between the donor and acceptor materials. 

Light  soaked BHJ films 

BHJ films were light soaked in unfiltered light for 12 hours. In addition, thin films of 

Glass/PEDOT:PSS/BHJ were prepared and light soaked to assess the influence of the HTL 

PEDOT:PSS on the steady-state absorption characteristics. UV-Vis-NIR absorption 

spectroscopy was performed on all samples, before and after light soaking.  

4.4.4 Transient absorption spectroscopy 

TAS was performed on fresh and 12 hours light soaked (unfiltered) neat films and BHJ blends. 

All samples were encapsulated with glass prior to the measurement, with small plastic pieces 

in the corners to prevent thin film interference in the measurements, and glued edges to prevent 

oxygen from getting inside. The light-soaked samples were encapsulated after being light 

soaked. 

 

A pump pulse of 680 nm was used for the neat films of NFAs and BHJ films to selectively 

excite the NFA. A pump pulse of 530 nm was used for the PTQ10 neat films. The probe was 

set to the visible range (600-950 nm). An excitation fluence of 0.3 µJ/cm2 and pump power of 

50 µW were used for all measurements. 

4.4.5 Solar cells 

Experiments on solar cells were performed to correlate material-level degradation observed in 

the neat and BHJ films with device-level performance losses. 

Light -soaked solar cell devices 

Three out of the six solar cells of each BHJ-blend were light soaked in unfiltered light for 12 

hours. To ensure the photo-induced degradation was limited to the active layer, as far as 

possible, the films were light soaked prior to the deposition of the ETL and the thermal 

evaporation of the Ag-electrodes.  

J-V and EQE measurements 

J-V characteristics were measured under AM1.5G LED solar illumination and in the dark (using 

a dark blanket covering the setup) on fresh and light-soaked devices. Measurements were 

performed on the four pixels separately, measuring from -0.5 V to 1.0 V with a 0.02 V step 

size.  
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EQE was measured on the champion device of each material on the pixel achieving the highest 

PCE in the J-V measurement. A calibration measurement was performed using a Si-detector. A 

Xenon lamp was used together with a monochromator to scan between 300-1100 nm. 
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5. Results and discussion 

The results and analysis of the experiments, from neat films and BHJ blends, to final solar cells, 

are presented in this chapter. 

 

5.1 Neat films 

The results from the experiments performed on the neat films are presented and discussed in 

the following sections.  

5.1.1 Dark stored versus light soaked neat films 

Figure 5.1 shows the absorption spectra for the neat NFA films before and after being dark 

stored in air versus being light soaked in air. A summary of the absorbance and relative 

absorbance loss at the maximum absorption peak for each material can be found in Appendix 

A, Table A.1.  

 

A) Y6 - Dark stored 

 

B) Y6 - Light soaked 

 

C) IT4F - Dark stored 

 

D) IT4F - Light soaked 

 

E) GS-ISO - Dark stored F) GS-ISO - Light soaked 
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G) FTCC-Br - Dark stored 

 

H) FTCC-Br - Light soaked 

 

Figure 5.1: UV-Vis-NIR absorption spectrum for dark stored and light-soaked thin films of Y6 

(A-B), IT4F (C-D), GS-ISO (E-F) and FTCC-Br (G-H). 

 

As can be seen in Figure 5.1, all NFA materials experienced only minimal or negligible 

decrease (0.024-0.41%) in absorbance after being dark stored in air. In contrast, upon light 

soaking a significant decrease in absorbance was observed for all materials except for Y6, 

which only had a relative decrease in absorbance of 6.8% at the main absorption peak after 24 

hours of light soaking. 

 

In Figure 5.1 D the absorbance for IT4F at the maximum absorption peak (721 nm) decreased 

by approximately 83%, and 63% in total over the whole spectrum, after 24 hours of light 

soaking. The fresh IT4F film had a clear main 0-0 vibrational transition peak at 722 nm, but 

after 20 hours of light soaking the absorption band had become flatter and the peak had 

collapsed. The collapse of the 0-0 vibronic peak suggests a loss of molecular order and a 

disruption of the ́-  ́ interactions. As IT4F has exocyclic vinyl groups that are known to be 

sensitive to photoisomerization when illuminated in air [52], it suggests that this is one point 

on the molecules where the conjugation has broken. The absorbance instead increased in the 

region between 400-590 nm, indicating the formation of higher-energy absorbing species. This 

was likely due to modification of the conjugated backbone caused by photooxidation, 

suggesting possible formation of oxidized or fragmented degradation products.  
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For GS-ISO in Figure 5.1 F the absorbance at the maximum absorption peak (637 nm) 

decreased by approximately 46% after 24 hours of light soaking. The fresh film exhibited two 

distinct vibronic peaks where the 0-0 transition at 637 nm was slightly more intense than the 0-

1 transition at 588 nm, suggesting predominantly J-aggregation. After 20 hours of light soaking 

the 0-1 peak became dominant instead. This change could suggest an increase in H-aggregation, 

likely due to a slight change in molecular packing. An increase in absorbance in the region 400-

490 nm was also observed for GS-ISO after light soaking, pointing to formation of higher-

energy absorbing species. 

 

In Figure 5.1 H, FTCC-Br exhibited a 27% decrease in absorption at the main absorption peak 

after 12 hours of light soaking. However, no significant change in the spectral shape was 

observed, indicating that the electronic structure and vibronic characteristics of the remaining 

molecules were largely maintained. It could indicate that the undegraded molecules still 

absorbing light maintained similar aggregation properties and intermolecular interactions, 

indicating a relatively unchanged morphology.  

 

5.1.2 Absorbance profile for the NFAs and the donor polymer 

To make it easier to compare the absorbance profiles of the materials, they are plotted together 

on a wavelength scale in Figure 5.2 and in an energy scale in Figure 5.3.  The materials optical 

bandgaps are listed in Table 5.1. I have chosen to present the measurement of one film of each 

material in these two graphs, as the fresh films of the same materials fabricated during the 

project exhibited the same or only minimal differences in spectral shape, even though the 

absolute absorbance may have differed.  

 

 

 

Figure 5.2: Normalized absorbance spectra in wavelength scale for all four NFAs and the 

donor polymer PTQ10. 
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Figure 5.3: Normalized absorbance spectra in energy scale for all four NFAs and the donor 

polymer PTQ10. 

 

Table 5.1: The optical bandgap for the NFAs and the donor polymer PTQ10, derived using 

a tangential fit in the absorbance spectra expressed in photon energy. The optical bandgap 

for Y6 is taken from literature [51], as the absorption scan (300-900 nm) did not cover its 

full absorption profile. 

Material Y6 IT4F FTCC-Br GS-ISO PTQ10 

Bandgap (eV) 1.33 1.53 1.65 1.76 1.94 

 

5.1.3 Wavelength dependent degradation of neat films 

As expected, the degradation of NFAs was caused primarily by light in presence of oxygen and 

water vapor, rather than caused by exposure to oxygen and water vapor only. Next to investigate  

was if  the degradation of the NFAs and the donor polymer PTQ10 was wavelength dependent. 

The wavelength dependent experiments began with light soaking neat films of Y6, IT4F and 

GS-ISO using BP-filter and LP-filter and measuring the absorption spectra at time points 

between 0-24 hours (Appendix A, Figure A.1). Like in the previous light soaking experiment, 

Y6 was observed to be significantly more photostable compared to the other NFAs, aligning 

well with previous photodegradation studies on Y6 using UV-Vis-NIR absorption spectroscopy 

[14]. Due to limited time in the project, a decision to discard Y6 from further investigation was 

taken. To evaluate photodegradation of Y6 properly, longer light soaking times than 24 hours 

would be needed. Occupying the common LED solar simulator for such a long time-period 

would not be possible as it was required by other users. Therefore, from now on the focus will 

be solely on the other three NFAs, IT4F, GS-ISO and FTCC-Br, as well as the donor polymer 

PTQ10. 

 

Since it was observed that 24 hours of light soaking degraded especially the neat film of IT4F 

to an extent at which the absorption profile changed remarkably, I chose to continue the 

wavelength degradation study by only comparing the films fresh and after 12 hours of light 

soaking in different light soaking conditions.  

 



 

41 

 

Light soaking conditions 

To evaluate wavelength dependent degradation the light soaking conditions must be elaborated 

on. Figure 5.4 shows the irradiance spectrum of the AM1.5G LED solar simulator for the three 

illumination conditions, same as in Figure 4.6, but here expressed as a function of photon energy 

(eV). In Figure 4.5 the 450 nm peak is higher than the NIR peak around 950 nm, but in Figure 

5.4 it is the opposite. This is due to the conversion between wavelength and photon energy, 

following the relationship ╔
▐╬

ⱦ
, where ╔ is the energy in eV, ▐ is Planckôs constant. ╬ the 

velocity of light and  the wavelength in nm. To convert the irradiance expressed in W/m2/nm 

into irradiance expressed in W/m2/eV, Equation 5.1 was used. 

 

                                      ╘╦Ⱦ □ Ⱦ ▄╥  ╘╦Ⱦ □ Ⱦ ▪□ᶻ
╔
                (5.1) 

 

Figure 5.4 shows that the irradiance for lower energy photons is significantly higher than for 

higher-energy photons. Since the light soaking experiments were performed for 12 hours for all 

three illumination conditions the total photon dose differed between the filters. This must be 

considered to make a correct analysis if the degradation of the films was wavelength dependent 

or not. 

 

 

Figure 5.4: Irradiance spectrum expressed as a function of photon energy for the AM1.5G LED 

solar simulator for the three illumination conditions: Unfiltered, with BP filter (335-610 nm) 

and with LP filter (>610 nm). 

 

To compare the illumination conditions quantitatively the photon flux was calculated for each 

illumination condition. The spectral photon flux ╔ at a specific photon energy ╔ was 

calculated using Equation 5.2 [68]: 
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╔
╔

╔ᶻ Ȣ ᶻ
   ȟ   ▬▐▫◄▫▪▼ ▼ □  ▄╥ Ȣ  

 

where ╔ is the spectral irradiance in Wm-2eV-1 and ╔ is the photon energy in eV. The total 

photon flux reaching the samples under each illumination condition was calculated using a 

trapezoidal numerical integration as in Equation 5.3. 

 

╔◄▫◄╪■
╔░ ╔░

ᶻ╔░ ╔░
░

Ȣ  

 

 

The calculated values of total irradiance, energy after 12 hours, photon flux as well as the 

number of photons during the 12 hours, are listed in Table 5.2. The main observation from these 

calculations was that the LP-filter transmitted almost 2.3 times more photons per second and 

square meter compared to the BP-filter (1Ȣτυzρπ ὺί φȢσρzρπ). 

 

 

Table 5.2: Total irradiance, total energy delivered after 12 hours, the photon flux as well as 

the total number of photons per square meter that had hit the samples after 12 hours, for each 

illumination condition. 

Illumination 

condition 

Total 

Irradiance 

ὡȾά  

Energy after 

12 h 

 ὐȾά  

Photon flux 

ὴὬέὸέὲί ά ί  

Total nr. of 

photons during 

12 h 

ὴὬέὸέὲίȾά  

Unfiltered 670.0 28944000 ςȢςωzρπ ωȢψωzρπ 

BP filter 243.0 10497600 φȢσρzρπ ςȢχσzρπ 

LP filter 364.0 15724800 ρȢτυzρπ φȢςφzρπ 

 

To estimate the total absorbed photon flux for each sample, the spectral photon flux was 

multiplied with the absorption fraction obtained from the UV-Vis-NIR absorption 

measurements. The total absorbed photon flux was calculated as in Equation 5.4: 

 

╔╪╫▼ȟ◄▫◄╪■
╔░╪╔░ ╔░ ╪╔░

ᶻ╔░ ╔░
░

Ȣ  

 

where ╪╔░ is the absorptance of the material at photon energy ╔░.  

Below follows the results obtained from illuminating the neat films in the different illumination 

conditions. The materials are presented one by one, starting with the donor polymer PTQ10. 
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PTQ10 

The steady-state spectra, absorption spectroscopy and PL emission and excitation scans for neat 

films of PTQ10 are presented in Figure 5.5.  

 

A 

 
 

B 

 
 

C 

 

D 

 

 

Figure 5.5: Absorption, emission and excitation spectra for PTQ10 in all three light conditions. 

A) UV-Vis absorption spectra 

B) Normalized UV-Vis-NIR absorption spectra 

C) Normalized emission spectra 
(‗ υσπ ὲά, ὦύ  τ ὲά, ὦύ  ρ ὲά for unfiltered and BP filtered light), (‗ υσπ ὲάȟὦύ  υ ὲά, ὦύ

 ρ ὲά for LP filtered light). 

D) Normalized excitation spectra 
(‗ χςς ὲά,  ὦύ  τ ὲά,  ὦύ  ρ ὲά for unfiltered, BP and LP filtered light). 

 

The absorption spectra (Fig.5.5 A) for the light soaked PTQ10 samples showed only minimal 

change compared to the fresh samples. Small differences where the light-soaked samples even 
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had slightly higher absorption in the main peak, compared to the fresh, can be treated as being 

inside the normal measurement inaccuracy of the instrument.  

 

In the normalized absorption spectra in Figure 5.5 B, normalized to each curveôs own max-

value, the spectral shape remained stable after light soaking with two vibronic peaks around 

550 nm and 600 nm. Both the normalized emission spectra (Fig. 5.5 C) as well as the excitation 

spectra (Fig. 5.5 D) remained stable with no significant difference after light soaking. The 

emission peak at 722 nm remained unchanged as well as the Stokes shift of 1282 cm-1.  

 

In these steady-state measurements and conditions, PTQ10 looked to be as photostable as 

previously reported [14]. Table 5.3 shows the integrated area under the curves from the raw 

absorption data in Figure 5.5A. The differences between the light soaking conditions are small 

and it is not possible to make any conclusion about wavelength dependent degradation. No 

significant photochemical degradation was observed for PTQ10 and its ability to absorb light 

remained stable after light soaking. 

 

Table 5.3: The calculated areas under the UV-Vis-NIR absorption curves for neat PTQ10, 

before and after light soaking and the relative change. 

PTQ10 Fresh 12 h LS Relative change (%) 

Unfiltered 109.6587 110.6587 +0.44 

BP filter 102.9063 101.6235 -1.25 

LP filter 98.1485 102.0326 +3.96 
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IT4F 

Figure 5.6 shows the absorption spectra for IT4F neat films, with corresponding absorbed 

photon fluxes before and after light soaking detailed in Table 5.4.  

 

  

  

 

Figure 5.6: UV-Vis absorption spectra for IT4F neat films. 

A)  Raw absorption spectra for Replicate 1. 

B) Raw absorption spectra for Replicate 2. 

C) Normalized absorption spectra for Replicate 1. 

D) Normalized absorption spectra for Replicate 2. 
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Table 5.4: The total incident photon flux and the absorbed photon flux for the neat films of 

IT4F, before and after light soaking in the three illumination conditions. 

IT4F 

Replicate 

nr. 

Filter Tot. incident 

photon flux  

ὴὬέὸέὲί ά ί  

Absorbed photon 

flux, Fresh 

ὴὬέὸέὲί ά ί  

 

Absorbed photon 

flux, 12h LS 

ὴὬέὸέὲί ά ί  

1 Unfiltered ςȢςωzρπ χȢχχzρπ φȢππzρπ 

1 BP φȢσρzρπ          ρȢυωzρπ ρȢχρzρπ 

1 LP ρȢτυzρπ υȢχπzρπ τȢσφzρπ 

2 Unfiltered ςȢςωzρπ χȢχυzρπ φȢπσzρπ 

2 BP φȢσρzρπ ρȢυρzρπ ρȢφςzρπ 

2 LP ρȢτυzρπ υȢχπzρπ τȢσψzρπ 

 

In both replicates it was observed that unfiltered light soaking caused biggest decrease of the 

main absorption peak. When comparing the BP and LP filtered samples it was observed that 

the LP filtered sample decreased more in absorbance than the BP filtered sample. However, the 

absorbed photon flux was approximately 3.7 times bigger before, and 2.6 times bigger after 

light soaking, for the LP filtered compared to the BP filtered samples. Since the observed 

photobleaching did not scale proportionally with this difference in photon flux, it can be 

concluded that the blue light was more detrimental to IT4F per photon compared to the red 

light.  

 

This trend was observed across multiple trials. Figure 5.7 shows the steady-state spectra from 

an earlier trial where variations in spin coating resulted in thinner films and hence differences 

in initial absorbance. The LP filtered sample showed a decrease of 14.10 % in relative 

absorbance, while the BP-filtered sample decreased by 11.44 %. Although the LP sample 

showed a higher absolute degradation, its initial absorbed photon flux was 3 times higher than 

for the BP sample. The fact that 300 % higher photon dose (LP) only resulted in approximately 

2.6 percentage points more degradation than the lower dose (BP) confirms that the high-energy 

photons were much more efficient at driving the photodegradation of IT4F. This consistency 

across different samples with different film thicknesses suggests that this sensitivity is an 

intrinsic photochemical property of IT4F molecules.  

 

To complement the UV-Vis absorption data of IT4F the PL and PLE spectra from the earlier 

trial are presented in Figure 5.7. The normalized PLE spectra (Fig. 5.7 D) corresponded well 

with the absorption profile. It also showed relative increase of intensity in the region 400-600 

nm, further suggesting formation of degradation products absorbing higher photon energies. 

Furthermore, the emission peak remained stable at 810 nm (Fig.5.7 C) indicating that while the 

concentration of IT4F decreased the remaining molecules absorbing maintained the molecular 

structure of dominantly J-type aggregation. 
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A 

 

B 

 

C 

 

D 

 

Figure 5.7: Absorption, emission and excitation spectra for IT4F in the three illumination 

conditions.  

A) UV-Vis absorption spectra 

B) Normalized UV-Vis-NIR absorption spectra  

C) Normalized emission spectra 
(‗ χππ ὲά, ὦύ σ ὲά, ὦύ ς ὲά for unfiltered light), 

(‗ χππ ὲάȟὦύ ρπ ὲά, ὦύ σ ὲά for BP and LP filtered light). 

D) Normalized excitation spectra 
‗ ψπυ ὲά,  ὦύ σ ὲά,  ὦύ ς ὲά for unfiltered light), 

(‗ ψπφ ὲάȟὦύ ρπ ὲά, ὦύ σ ὲά for BP and LP filtered light). 
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GS-ISO 

Figure 5.8 shows the absorption spectra for GS-ISO neat films, with corresponding absorbed 

photon fluxes before and after light soaking detailed in Table 5.5.  

 

A 

 

B 

 

C 

 

D 

 

 

Figure 5.8: UV-Vis absorption spectra for GS-ISO neat films. 

A)  Raw absorption spectra for Replicate 1. 

B) Raw absorption spectra for Replicate 2. 

C) Normalized absorption spectra for Replicate 1. 

D) Normalized absorption spectra for Replicate 2. 
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Table 5.5: The total incident photon flux and the absorbed photon flux for the neat films of GS-

ISO, before and after light soaking in the three illumination conditions. 

GS-ISO 

Replicate nr. 

Filter Tot. incident 

photon flux  

ὴὬέὸέὲί ά ί  

Absorbed photon 

flux, Fresh 

ὴὬέὸέὲί ά ί  

 

Absorbed photon 

flux, 12h LS 

ὴὬέὸέὲί ά ί  

1 Unfiltered ςȢςωzρπ φȢφψzρπ υȢωρzρπ 

1 BP φȢσρzρπ          ςȢχωzρπ ςȢχφzρπ 

1 LP ρȢτυzρπ σȢςρzρπ ςȢωπzρπ 

2 Unfiltered ςȢςωzρπ φȢυςzρπ υȢψσzρπ 

2 BP φȢσρzρπ ςȢψψzρπ ςȢχωzρπ 

2 LP ρȢτυzρπ σȢπχzρπ ςȢχυzρπ 

 

For both GS-ISO replicates it was observed that the BP filtered sample decreased more in 

absorbance after light soaking compared to the LP filtered samples. Since the absorbed photon 

fluxes were comparable between BP and LP samples, and even slightly higher for the LP 

samples, it can be concluded that blue light was more detrimental to GS-ISO molecules. 

Interestingly, the unfiltered sample just decreased slightly more than the BP filtered light soaked 

sample, especially in replicate 2, even though the initial absorbed photon flux was 

approximately 2.3 times higher for the unfiltered sample compared to the BP sample. This 

further supports that photodegradation in GS-ISO is primarily driven by high-energy photons 

in the blue region rather than by the total photon dose. The additional lower-energy photons 

appeared to only contribute little to the overall degradation.  

 

This trend was also seen in an early first test, which despite difference in initial absorbance, 

also showed that blue light caused more photobleaching than red light (Fig. 5.9 B). A relative 

increase in PL intensity around 450 nm was observed for the light-soaked samples (Fig. 5.9 D), 

which suggested fragmented molecules absorbing high energy photons more efficiently. 

Although, no new emissive species were seen to be created upon light soaking (Fig. 5.9 C). 
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A 

 

B 

 

C 

 

D 

 

 

Figure 5.9: Absorption, emission and excitation spectra for GS-ISO in all three light 

conditions. 

A) UV-Vis absorption spectra 

B) Normalized absorption spectra. Normalized to the fresh-max, for each light soaking 

condition. 

C) Normalized emission spectra 
(‗ υυπ ὲά, ὦύ  υ ὲά, ὦύ  ρ ὲά for unfiltered light), 

(‗ υυπ ὲάȟὦύ  ρπ ὲά, ὦύ  ω ὲά for BP filtered light), 

(‗ υυπ ὲάȟὦύ  ψ ὲά, ὦύ  σ ὲά for LP filtered light). 

D) Normalized excitation spectra 
(‗ χρτ ὲά, ὦύ  υ ὲά, ὦύ  ρ ὲά for unfiltered light), 

(‗ χωπȟὦύ  τ ὲά, ὦύ  ς ὲά for BP filtered light), 

(‗ χχυȟὦύ  τ ὲά, ὦύ  ρ ὲά for LP filtered light). 
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FTCC-Br  

Figure 5.10 shows the absorption spectra for FTCC-Br neat films, with corresponding absorbed 

photon fluxes before and after light soaking detailed in Table 5.6. One sample of unfiltered light 

soaking was performed and is displayed in both absorption spectra for comparison. 

  
 

  

 

Figure 5.10: UV-Vis absorption spectra for FTCC-Br neat films. 

A) Raw asborption spectra for Replicate 1. 

B) Raw asborption spectra for Replicate 2. 

C) Normalized asborption spectra for Replicate 1. 

D) Normalized asborption spectra for Replicate 2. 
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Table 5.6: The total incident photon flux and the absorbed photon flux for the neat films of 

FTCC-Br, before and after light soaking in the three illumination conditions. 

FTCC-Br 

Replicate 

nr. 

Filter Tot. incident 

photon flux  

ὴὬέὸέὲί ά ί  

Absorbed photon 

flux, Fresh 

ὴὬέὸέὲί ά ί  

 

Absorbed photon 

flux, 12h LS 

ὴὬέὸέὲί ά ί  

1 Unfiltered ςȢςωzρπ χȢχτzρπ χȢςωzρπ 

1 BP φȢσρzρπ ςȢυψzρπ ςȢυχzρπ 

1 LP ρȢτυzρπ τȢφςzρπ τȢσσzρπ 

2 BP φȢσρzρπ ςȢφπzρπ ςȢυχzρπ 

2 LP ρȢτυzρπ τȢυωzρπ τȢσρzρπ 

 

 

The initial absorbance between the fresh samples were almost identical, where the initial 

absorbed photon flux for the samples prior to BP filtering were around  

ςȢφπzρπ and after 12 hours  

ςȢυχzρπ for both samples. The initial absorbed photon flux for the LP filtered samples 

were approximately 1.77 times higher than for the BP filtered samples, and after light 

soaking approximately 1.65 times higher. The absorbance decreased to almost identical 

levels after both LP and BP filtered light soaking, indicating that high photon energies in 

blue light were as destructive as a much higher photon dose of red light. This indicated 

that blue light was specifically detrimental also for FTCC-Br as it caused more 

photobleaching per photon.  

 

Photoluminescence quantum yield 

The results from the PLQY measurements on the neat films are presented in Figure 5.11. The 

PLQY was measured on six fresh films of each material. Three of these films were from the 

same batch and spin coated at the same time as the films used for the first absorption tests and 

PL emission and excitation scans. 
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Figure 5.11: Bar chart of PLQY for neat films before and after 12 hours of light soaking. Exact 

values of mean PLQY with standard deviations, and relative percentual decreases are provided 

in Appendix A, Table A.2.  

 

The fresh film of GS-ISO had the highest PLQY of 23.45%, significantly higher than the other 

materials. Low bandgap materials that are suitable for NIR emission suffer from significantly 

lower luminescence compared to visible emitters with broader bandgap [69]. This is explained 

by that those with narrower bandgap usually have more planar structures to extend the 

conjugated system to reduce the energy gap [69]. The energy bandgap law states that it is a 

higher probability of non-radiative decay of the excited states for narrower bandgaps [69]. This 

can then explain why GS-ISO, which has the broadest bandgap of the studied NFAs, exhibited 

the highest luminescence. However, GS-ISO also showed the largest relative loss, decreasing 

by 87% after unfiltered light soaking. Fresh samples of FTCC-Br and PTQ10 had comparable 

PLQY of around 5%, with a relative loss of 66-74% and around 80%, respectively. IT4F had 

the lowest initial PLQY of the four fresh materials with a relative decrease of approximately 

50% after unfiltered and LP filtered light soaking and 38% loss after BP filtered light soaking. 

Remember that the photon dose varies, hence a direct comparison cannot be made without 

respect given to this. However, the PLQY decreased for all materials in all light soaking 

conditions. This indicates an increase in non-radiative recombination, likely due to photo-

induced defects and energetic disorder creating these sub-bandgap states between HOMO and 

LUMO. 

 

PL lifetime 

In addition to the steady-state measurements, time-resolved PL spectroscopy was performed on 

the neat films to determine the PL lifetimes (̱ ). The limit of the system, the IRF decay constant 

(ŰIRF), was found to be approximately 0.25-0.35 ns using a mono-exponential fit ( ╘Ⱳ ▄◄ȾⱲ).  

 

The PL lifetimes (Ű) were also extracted using a mono-exponential fit, as can be seen in Figure 

5.12 A-B. Figure 5.13 A shows the normalized decay for the GS-ISO samples on a linear scale.   

When plotted on a semilogarithmic scale, as in Figure 5.13 B, the decay exhibited 

approximately a linear behavior indicating that a mono-exponential model gives a good 

description of the system. The lifetimes for all samples are summarized in Table 5.7 and are in 

the range between 0.285-1.703 ns. The shortest lifetimes were close to the IRF, indicating that 

these were limited by the system. All IRF and decay measurements can be found in Appendix 

A, Figure A.2.  

 

The PL lifetimes for the fresh films of the same materials varied. Especially for GS-ISO where 

the lifetime for the fresh unfiltered film was approximately 40-50% shorter than the lifetime for 

the fresh films prior to BP and LP filtered light soaking. Since it was necessary to measure the 

films directly after light soaking to minimize further degradation, the measurements were not 

possible to perform all at the same time. Small variations in measurement setup can be one 
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contributor to the deviations seen. However, a consistent trend was observed for all materials 

where light soaking led to a decreased PL lifetime. The decrease of both PL lifetime and PLQY 

further indicates an increase in non-radiative relaxation upon light soaking. 

 

 

Table 5.7: Extracted PL lifetimes using mono-exponential fitting, for all NFA neat films, before 

and after light soaking. PL lifetime data from all measurements are provided in Appendix A, 

Figure A.4. 

Material Filter PL Lifetime (ns) 

Fresh 

PL Lifetime (ns) 

12 h light soaked 

IT4F Unfiltered 0.402 (±0.008) 0.310 (±0.008) 

 BP 0.420 (±0.009) 0.285 (±0.005) 

 LP 0.473 (±0.016) 0.300 (±0.007) 

GS-ISO Unfiltered 0.682 (±0.017) 0.312 (±0.007) 

 BP 0.900 (±0.012) 0.454(±0.006) 

 LP 1.068 (±0.074) 0.503 (±0.022) 

FTCC-Br Unfiltered 0.590 (±0.009) 0.405 (±0.028) 

 BP - - 

 LP 0.420 (±0.004) 0.393 (±0.010) 

PTQ10 Unfiltered 1.703 (±0.009) 0.540 (±0.009) 

 BP 1.477 (±0.009) 0.607 (±0.012) 

 LP 1.408 (±0.009) 0.648 (±0.007) 

 

 

 

A)  

 

B)  

 
Figure 5.12: Normalized time-resolved photoluminescence for A) fresh and B) light soaked 

IT4F. The red lines represent the mono-exponential fit to calculate the PL lifetimes. The IRF is 

the green curve. The hump between 10-15 ns appeared in almost all measurements. Since it 

appeared when measuring both the IRF and the decay of the films, it is clear to be an artefact 

from the instrument.  
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A)  

 

B)  

 
Figure 5.13: Normalized time-resolved photoluminescence for A) GS-ISO, on linear scale, and 

B) GS-ISO on a semilogarithmic scale.  

 

5.3 BHJ films 

Next, the BHJ blends of each NFA with the donor polymer PTQ10 were investigated. Figure 

5.14 A-C shows the UV-Vis-NIR absorption spectra of the BHJ blend spin coated on glass, 

as well as on PEDOT:PSS coated glass. Normalized spectra obtained from the neat films are 

included in Figure 5.14 D. 

 

A  

 

B 
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D 
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Figure 5.14: UV-Vis-NIR absorption spectra comparing BHJ and BHJ with PEDOT:PSS, 

before and after light soaking, for: 

A) PTQ10:IT4F 

B) PTQ10:FTCC-Br 

C) PTQ10:GS-ISO, 

And the normalized absorption spectra for neat films of: 

D) PTQ10, GS-ISO, IT4F and FTCC-Br. 

 

Control films containing PEDOT:PSS were prepared to examine whether the presence of the 

HTL PEDOT:PSS influenced the absorption profiles of the BHJ blends and to assess whether 

any differences in degradation could be observed compared to the samples without 

PEDOT:PSS. Since no significant differences were observed between the two cases, it can be 

concluded that PEDOT:PSS did not have a visible impact on the active layerôs absorption 

profile in these conditions.  

 

The PTQ10:IT4F blend gave the broadest absorption band as they have the biggest difference 

betweeen their optical bandgaps (Fig. 5.14 A). The absorption peak corresponding to IT4F (722 

nm) decreased more in absorbance than the absorption dominated by PTQ10. The same was 

observed for the FTCC-Br BHJ (Fig. 5.14 B), where the relative decrease was higher for the 

acceptor than the donor. In the PTQ10:GS-ISO blend it is hard to distinguish since their 

absorption bands overlapped, creating the most narrow absorption band of them three. 
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5.4 Transient absorption spectroscopy 

Below follows the result from the TAS measurements. The results are presented separately for 

each neat material and BHJ blend. Normalized kinetics are presented for the identified GSB 

and PIA regions for each material and blend. The kinetics were obtained by averaging the 

optical density in the regions at each time delay. The normalization was done using the 

maximum (for PIA) or minimum (for GSB) signal intensity. The lifetimes were calculated using 

mono-exponential fitting. A mono-exponential function is often a simplification of the 

dynamics in these materials, as it usually has both shorter- and longer-lived species. To ensure 

that the calculated lifetimes represent the excited state decay the fits started 15 ps after 

photoexcitation, to avoid the IRF, signal rise as well as the ultrafast processes often dominating 

at the very early times of the TA signal. The TA data was also fitted using in-built functions in 

the analysis program CarpetView and can be found in Appendix B, Figure B1.1-1.6.  

5.4.1 Neat PTQ10 

In the TA spectra in Figure 5.15 A-B for the fresh and light soaked films, a GSB between 550-

650 nm was identified  as well as a weak SE band (more pronounced for the fresh) around 750 

nm and a broad and weak PIA starting around 850 nm. 

 

Figure 5.15 C-D shows the normalized kinetics fitted with a mono-exponential decay for both 

the GSB and PIA region. For the fresh film the extracted lifetimes in both the GSB and PIA 

regions were approximately 900 ps. After light soaking the lifetimes decreased to 

approximately 230 ps (GSB) and 300 ps (PIA), indicating significantly faster recombination of 

the transient species. This is consistent with the decrease observed in the PLQY, pointing to 

increased non-radiative decay processes upon light soaking.  

 

The similar kinetics observed for the GSB and PIA in the fresh film as well as the low 

contribution of longer lived species (>3000 ps) suggests that the PIA signal can be assigned as 

singlet excitons. This interpretation is supported by previous studies reporting uniform PL 

lifetimes across the emission spectrum of PTQ10 [14]. Furthermore, no clear signs of formation 

of singlets into interchain polaron pairs, also in agreement with previous studies [14]. The PL 

lifetime for PTQ10 (~1.5-1.7 ns) is longer than the singlet exciton lifetime obtained from the 

TA measurements. One possible explanation for this is exciton-exciton annihillation (EEA) at 

the higher excitation fluences typically used in TA compared to transient PL measurements, 

which may have lead to underestimations of the intrinsic lifetime. 
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C 

 

D 

 

 

Figure 5.15: TA of fresh and 12 hours light soaked neat PTQ10 films. 

A) The TA spectra of the fresh neat PTQ10 film. 

B) The TA spectra of the 12 hours light soaked neat PTQ10 film. 

C) The normalized kinetics of the PTQ10 GSB region (550-620 nm), with a mono-

exponential fit to compare the decay of fresh and light soaked neat PTQ10 films. 

D) The normalized kinetics of the PTQ10 PIA region (900-950 nm), with a mono-

exponential fit to compare the decay of fresh and light soaked neat PTQ10 films. 
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5.4.2 Neat IT4F 

Figure 5.16 A-B shows the TA spectra for neat IT4F films. Both the fresh and light soaked 

samples had a strong and broad GSB between 600 and 850 nm, and a PIA signal starting from 

875. The signal magnitude was overall weaker for the light-soaked sample due to the 

photobleaching of the main absorption peak, which was observed in the steady-state absorption 

spectra in Figure 5.6 A/B. 

 

Figure 5.16 C-D shows the normalized TA spectra. For the fresh film a positive signal between 

750-900 nm appeared 500 ps after photoexcitation. In the light-soaked sample this feature 

emerged more quickly and was visible already at 50 ps. This signal is attributed to the formation 

of singlet excitons into longer lived species, likely intramolecular polaron pairs. This 

assignment is supported by the PTQ10:IT4F blend, which will be discussed in the next section, 

where a similar PIA feature appeared in the same region following charge transfer. The 

assignment of this signal to polaron pairs rather than triplets is supported by the fact that the 

lifetimes of triplets in ITIC-derivative materials exhibit much longer lifetimes (120-160 µs) and 

absorb further into the NIR, around 1210 nm for IT4F [70]. This signal around 800 nm instead 

aligns with ITIC-anions (electron polaron) absorbing in this range as previously reported [70]. 

The disappearance of the signal seen for the fresh film at 1000 ps and reappearance 3000 ps is 

due to spectral overlap with the GSB. The reappearance of the signal likely corresponds to long-

lived polarons trapped in defect states. 

 

Figure 5.16 F/H shows the raw and normalized kinetics for the singlet exciton PIA (900-950 

nm). After light soaking the singlet exciton lifetime decreased, from 64 ps to 37 ps, consistent 

with the decrease in PLQY and PL lifetime. In contrast, the GSB kinetics in Figure 5.16 E/G 

did not show as much difference between the decays. This difference between PIA and GSB 

kinetics can be explained by faster formation of intramolecular polaron pairs in the light-soaked 

sample. These states contribute to a faster decay in the PIA signal while partially maintaining 

the GSB signal as polarons have longer lifetimes than singlet excitons. A similar trend has been 

reported for the donor polymer PM6, where tightly bound polaron pairs form fast and undergo 

rapid non-radiative recombination, particularly in presence of defects after light soaking [14]. 

Overall, this indicates that the light soaking enhanced the conversion of singlet excitons into 

bound polaron pairs which correlate with the observed faster PIA decay. 
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Figure 5.16: TA of fresh and 12 hours light soaked neat IT4F films. 

A) The TA spectra of the fresh neat IT4F film. 

B) The TA spectra of the 12 hours light soaked neat IT4F film. 

C) The normalized TA spectra of the fresh neat IT4F film. 

D) The normalized TA spectra of the 12 hours light soaked neat IT4F film. 

E) The raw kinetics of the IT4F GSB region (700-800 nm), comparing the fresh and light 

soaked neat IT4F films. 

F) The raw kinetics of the PIA (900-950 nm), comparing the fresh and light soaked neat 

IT4F films. 

G) The normalized kinetics of the IT4F GSB region (700-800 nm), with a mono-exponential 

fit to compare the decay of fresh and light soaked neat IT4F films. 

H) The normalized kinetics of the IT4F PIA region (900-950 nm), with a mono-exponential 

fit to compare the decay of fresh and light soaked neat IT4F films. 

 

5.4.3 PTQ10:IT4F 

Figure 5.17 presents the TA spectra and decay kinetics for the PTQ10:IT4F BHJ films. Both 

the fresh and light soaked films had the characteristic GSB of PTQ10 around 550-650 nm and 

IT4F around 700-800 nm. In the IT4F GSB region between 700-800 nm, a positive signal was 

emerging over time, as was seen in the neat IT4F spectra in Figure 5.16. This PIA signal is 

attributed to the PIA of electron polarons on IT4F. Furthermore, the broad and weak PIA 

extending beyond 900 nm can be assigned as the PTQ10 hole PIA, as previously reported for a 

similar donor-acceptor system of PTQ10:PCBM  [14]. The spectral features in the blend films 

live beyond the 3.5 ns time window of the experiment; much longer than both the singlet exciton 

lifetime of IT4F and PTQ10. This provides strong evidence for the formation of longer-lived 

excited states, such as free charges. 

 

A wavelength of 680 nm was chosen to primarily excite IT4F. The GSB kinetics in Figure 5.17 

C show how the IT4F GSB decreased rapidly, while the PTQ10 GSB rose during the first 100 
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ps.  This is a sign of hole transfer from the photoexcited IT4F to the donor polymer PTQ10. 

The intrinsic hole transfer rate was only slightly slower in the light-soaked film. However, the 

kinetics of the PTQ10 hole PIA signal showed a significantly faster decay for the light-soaked 

sample. This points to faster recombination, possibly dominated by geminate recombination of 

bound polaron pairs for the light-soaked film. A fluence series to evaluate whether geminate or 

non-geminate recombination was dominating was not used in this project but would be a 

potential avenue to investigate further. 

 

A 

 

B 

 

C 

 

D 

 

 

Figure 5.17: TA of fresh and 12 hours light soaked PTQ10:IT4F films. 

A) The TA spectra of the fresh PTQ10:IT4F film. 

B) The TA spectra of the 12 hours light soaked PTQ10:IT4F film. 

C) The normalized kinetics of the PTQ10 GSB region (550-620 nm) and IT4F GSB region 

(700-800 nm), comparing the fresh and light soaked films. 

D) The normalized kinetics of the PIA (900-950 nm), comparing the fresh and light soaked 

films. 
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5.4.4 Neat GS-ISO 

Figure 5.18 shows the TA spectra and kinetics for fresh and light soaked neat GS-ISO films. 

The datapoints between 680-720 nm has been removed due to pump scatter from the laser. The 

TA spectra for the fresh and light soaked samples look quite similar, with a GSB centered 

around 700 nm and a singlet exciton PIA around 900 nm.  

 

The normalized TA spectra in Figure 5.18 C-D shows a new PIA forming around 750 nm at 

longer time delays, which is more prominent in the light soaked sample. Just like previously 

discussed for IT4F, this suggests the formation of intramolecular polaron pairs in GSISO as 

well. This spectral feature can also be seen in the TA spectra for the PTQ10:GS-ISO blend in 

Figure 5.19. 

 

The normalized kinetics of the GSB in Figure 5.18 D and PIA in 5.18 E shows quite similar 

decay for both the fresh and light soaked films, although a slightly faster decay for the light 

soaked. In general, the TA for the fresh and light soaked looks nearly the same. It could be that 

the degraded molecules after light soaking were not able to absorb the pump wavelength at 680 

nm so the TA signal is just representing the remaining undegraded molecules. The decrease in 

PLQY is then consistent with the TA results as light soaking likely introduced non-radiative 

recombination pathways such as trap states or polaron pair formation. Since TA probed the 

remaining photoactive molecules the overall spectral shape and kinetics remained largely 

unchanged while the emission efficiency was reduced.  
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Figure 5.18: TA of fresh and 12 hours light soaked neat GS-ISO films. 

A) The TA spectra of the fresh neat GS-ISO film. 

B) The TA spectra of the 12 hours light soaked neat GS-ISO film. 

C) The normalized TA spectra of fresh neat GS-ISO. 

D) The normalized TA spectra of 12 hours light soaked neat GS-ISO. 

E) The normalized kinetics of the GS-ISO GSB region (650-750 nm)  

F) The normalized kinetics of the GS-ISO PIA region (900-950 nm). 

 

  



 

66 

 

5.4.5 PTQ10:GS-ISO 

Figure 5.19 shows the TA spectra and kinetics for the PTQ10:GS-ISO BHJ films. The TA 

spectra for the fresh and light soaked films look quite similar. In these spectra there are no clear 

PTQ10 GSB and very few long lived excited states. Compared to the TA results for the  

PTQ10:IT4F BHJ it appears that very little charge transfer happened here. This result was 

unexpected since the blend of PTQ10 and GS-ISO has successfully been used as active layer in 

OSCs before [56]. This likely indicates an issue with either the measurement or the making of 

the blend, which should be corrected and remeasured in potential future work.  
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Figure 5.19: TA of fresh and 12 hours light soaked PTQ10:GS-ISO films. 

A) The TA spectra of the fresh PTQ10:GS-ISO film. 

B) The TA spectra of the 12 hours light soaked PTQ10:GS-ISO film. 

C) The normalized kinetics of the theoretical PTQ10 GSB region (550-600 nm) and the 

GS-ISO GSB region (650-700 nm), comparing the fresh and light soaked films. 
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D) The normalized kinetics of the PIA (900-950 nm), comparing the fresh and light soaked 

films. 

 

5.4.6 FTCC-Br 

Figure 5.20 presents the results for the neat films of FTCC-Br. Both the fresh and light soaked 

films exhibited a GSB around 725 nm and a PIA from around 850 nm. Just like observed for 

the neat films of both IT4F and GS-ISO, an enhanced and faster formation of intramolecular 

polaron pairs were observed also in the FTCC-Br light-soaked sample in the 750-800 nm 

region. As can be seen in the raw kinetics in Figure 5.20 E-F the intensity was higher for the 

light-soaked sample compared to the fresh. This was not expected as the neat film of FTCC-Br 

was visibly photobleached after 12 hours of light soaking in the UV-Vis-NIR absorption spectra 

in Figure 5.9 A-B. This can be due to small differences in spin coating between the samples, 

leading to differences in thickness between the films. The normalized kinetics in Figure 5.20 

G-H showed a similar lifetime of around 87 ps in the GSB and 80 ps in the singlet exciton PIA 

(900-950 nm). After light soaking, the lifetime in the GSB decreased to 63 ps and to 51 ps in 

the PIA. This is also in line with the decrease in PLQY and decrease in PL lifetimes.  Since the 

kinetics for the GSB and PIA were very similar in the fresh film it indicates that they track the 

same excited state population, in this case dominated by singlet exciton decay. The GSB 

lifetime was just slightly longer than the singlet exciton lifetime in PIA because of the small 

formation of intramolecular polaron pairs in the same region as the GSB, which can be seen in 

the normalized spectra in Figure 5.20 C-D. 
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Figure 5.20: TA of fresh and 12 hours light soaked neat FTCC-Br films. 

A) The TA spectra of the fresh neat FTCC-Br film. 

B) The TA spectra of the 12 hours light soaked neat FTCC-Br film. 

C) The normalized kinetics of the GSB region (650-750 nm), comparing the fresh and light 

soaked neat FTCC-Br films. 

D) The normalized kinetics of the singlet exciton PIA (900-950 nm), comparing the fresh 

and light soaked neat FTCC-Br films. 

E) The raw kinetics of the FTCC-Br GSB region (650-750 nm), comparing the fresh and 

light soaked neat FTCC-Br films. 

F) The raw kinetics of the PIA (900-950 nm), comparing the fresh and light soaked neat 

FTCC-Br films. 

G) The normalized kinetics of the FTCC-Br GSB region (650-750 nm), with a mono-

exponential fit to compare the decay of fresh and light soaked neat FTCC-Br films. 

H) The normalized kinetics of the PIA region (900-950 nm), with a mono-exponential fit to 

compare the decay of fresh and light soaked neat FTCC-Br films. 

 

5.4.7 PTQ10:FTCC-Br 

Finally, Figure 5.21 shows the TA spectra and kinetics for the PTQ10:FTCC-Br BHJ films. The 

TA spectra showed a clear FTCC-Br GSB around 700 nm and a PTQ10 GSB around 550-625 

nm. The signal intensity was slightly higher for the fresh film compared to the light soaked, 

aligning well with the photobleaching previously seen in the absorption spectra in Figure 5.14 

B. In the FTCC-Br GSB region there is a spectral overlap with a positive PIA from FTCC-Br 

electron polaron, enhanced at later time scales. The weak but positive PIA starting around 850 

nm extending into NIR is assigned to be from the absorption of PTQ10 hole polarons.  

 

Figure 5.21 C shows the normalized GSB kinetics. At the same time as the FTCC-Br ground 

state was rapidly depleted a rise in signal was seen during the first 100 ps for the PTQ10 GSB. 

This confirms hole transfer from acceptor to donor.  

 

Figure 5.21 D shows the PIA kinetics. At the same time as the FTCC-Br singlet excitons were 

decaying, the PTQ10 hole polaron PIA was forming. The apparent longer lifetime in this region 

in the fresh film after 20 ps was therefore due to the presence of the PTQ10 hole polaron PIA, 

as these two spectral features are overlapping. The PTQ10 GSB intensity after charge transfer 

was much higher relative to the FTCC-Br GSB at 0.3 ps in the fresh film, compared to the light 

soaked. This could indicate a much higher hole transfer yield in the fresh film compared to the 

12 hours light soaked film. 
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Figure 5.21: TA of fresh and 12 hours light soaked PTQ10:FTCC-Br films 

A) The TA spectra of the fresh PTQ10: FTCC-Br film. 

B) The TA spectra of the 12 hours light soaked PTQ10:FTCC-Br film. 

C) The normalized kinetics of the PTQ10 GSB region (550-600 nm) and the FTCC-Br GSB 

region (675-750 nm), comparing the fresh and light soaked PTQ10:FTCC-Br films. 

D) The normalized kinetics of the PIA (900-950 nm), comparing the fresh and light soaked 

PTQ10:FTCC-Br films. 
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5.5 Solar cells 

After investigating the photodegradation of the materials, fi rst as neat films and then as BHJ 

films, it was time to correlate these results to fresh and aged solar cell devices.  

 

Figure 5.22 shows the light and dark J-V curves and EQE spectra for the final solar cells 

comprised of each of the three BHJ blends as active layers, before and after light soaking. Table 

5.8 summarizes the J-V parameters for the best performing pixel, along with mean values for 

each parameter and standard deviation. Pixels that did not function properly were discarded. 

For all solar cells it was consistently one out of four pixels behaving as a resistor, always the 

first or fourth pixel. The problem was detected to not be due to the J-V measurement equipment. 

The evaporation of the silver electrodes went well, suggesting that the problem was introduced 

earlier on in the device making. The ╙▼╬ from the EQE measurements and J-V measurements 

differed more than 5%, for all measurements except the fresh FTCC-Br device. This can be due 

to calibration errors of the instruments.  
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Figure 5.22: Light and dark J-V curves and EQE curves for fresh and light soaked OSCs. 

The best performing pixel from the champion cell of each BHJ blend is presented. 

A) Light and dark J-V curve for PTQ10:IT4F 

B) Dark J-V curve for PTQ10:IT4F 

C) EQE and integrated Jsc for PTQ10:IT4F 

D) Light and dark J-V curve for PTQ10:FTCC-Br 

E) Dark J-V curve for PTQ10:FTCC-Br 

F) EQE and integrated Jsc for PTQ10:FTCC-Br 

G) Light and dark J-V curve for PTQ10:GS-ISO 

H) Dark J-V curve for PTQ10:GS-ISO 

I) EQE and integrated Jsc for PTQ10:GS-IS 

 

 

Table 5.8: J-V parameters for the champion devices (pixel with the highest fresh PCE) of 

each BHJ blend, before and after 12 hours of light soaking. The integrated short-circuit 

current densities from the EQE measurements are included in the table. Average calculated 

for: IT4F (Fresh: 3 devices/4 pixels, 12 h LS: 2 devices/ 4 pixels), FTCC-Br (Fresh: 2 

devices/ 5 pixels, 12 h LS: 3 devices/ 8 pixels), GS-ISO (Fresh: 2 devices/ 5 pixels, 12 h LS: 

3 devices/ 7 pixels). 

Active layer Condition PCE (%) Voc (V) Jsc (mA/cm2) Jcal (mA/cm2) FF (%) 

PTQ10: 

IT4F 

Fresh 13.30 

(12.26 ± 0.94) 

0.925  

(1.11 ± 0.33) 

20.72  

(20.18 ± 0.36) 

16.852 69.42  

(66.40 ± 3.47) 

 12 h LS 0.446  

(0.43 ± 0.05) 

0.766  

(0.75 ± 0.02) 

1.442  

(1.51 ± 0.14) 

1.3009 40.90  

(37.57 ± 2.97) 

PTQ10: 

FTCC-Br 

Fresh 11.10  

(10.88 ± 0.26) 

1.068  

(1.07 ± 0.002) 

14.61  

(14.836 ± 0.172) 

12.710 71.13  

(68.71 ± 1.74) 

 12 h LS 

 

0.5441  

(0.49 ± 0.04) 

0.911  

(0.90 ± 0.02) 

1.639  

(1.487 ± 0.118) 

1.5186 36.43  

(37.19 ± 1.52) 

PTQ10: 

GS-ISO 

Fresh 3.788  

(3.76 ± 0.018) 

1.224  

(1.201 ± 0.019) 

4.209  

(5.976 ± 0.0162) 

4.6242 51.92  

(52.44 ± 0.49) 

 12 h LS 

 

0.1082  

(0.10 ± 0.006) 

0.926  

(0.915 ± 0.021) 

0.3962 

(0.3733 ± 0.015) 

0.32243 29.49 

(29.63 ± 0.42) 

 

 

The fresh PTQ10:IT4F device exhibited the highest initial performance with a PCE above 13% 

along with a high short-circuit current density, and a fill factor close to 70%. After 12 hours of 

light soaking all parameters dropped remarkably. The short-circuit density and the fill factor 

decreased by 93% and 40%, respectively, and the PCE dropped to below 0.5%. The EQE 

spectrum further confirms the severe degradation where the initial broad spectrum (350-750 

nm) and high EQE of over 70% totally collapsed down to below 10% across the whole 

spectrum. This means that both the PTQ10 dominated absorption region (475-575 nm) and the 

IT4F dominated absorption region (600-800 nm) were strongly affected. However, the TA still 

showed evidence of charge transfer even after light soaking. Therefore, it was unexpected to 
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see such a dramatic decrease in electric performance, close to complete device failure. This 

suggests that the device failure was not due to photodegradation of the active layer only, rather 

there were some failures in the device stack, perhaps at interfaces with the transport layers. The 

dark J-V curve in Figure 5.22 B showed an increase in series resistance after light soaking. This 

is seen at higher forward bias (above 1.0 V) where the light-soaked curve fell below the fresh 

curve. This suggests increased series resistance, possibly by less efficient contact with the 

electrodes for the light-soaked device.  

 

A similar trend was observed for the PTQ10:FTCC-Br device, with an initial PCE of 11% that 

dropped to 0.5% after light soaking. The EQE spectrum showed a loss over the full wavelength, 

falling to below 10%. The TA revealed a less efficient charge generation after light soaking, 

but again, not so much that it alone can explain the extreme drop in performance of the device. 

In the dark J-V curves in Figure 5.22 E the light-soaked curve showed increased leakage current 

since the current density was higher for the light-soaked device compared to the fresh sample 

over the whole reverse bias and forward bias close to 0 V. Hence, charge carriers were being 

trapped by defects more frequently after light soaking which was also confirmed by the collapse 

of EQE in Figure 5.22 F.  

 

For the PTQ10:GS-ISO the initial PCE was low, only around 3.8%. After light soaking, the 

device was barely working, with a short-circuit current close to 0. The EQE spectrum dropped 

to nearly 0 across the whole spectrum (Fig. 5.22 I). The device clearly stopped working and 

behaved more like a resistor. The dark J-V curve in Figure 5.22 H showed a significant decrease 

in shunt resistance. The forward bias region between 0.5-1.0 V changed after light soaking, 

where the increase in current indicates an increase of non-radiative recombination, also 

confirmed by the collapse of the EQE spectra. This suggests that the few charge carriers that 

were generated were lost to defects before being collected at the electrodes. Since no clear CT 

state was seen to be formed in the TA data it points to that my BHJ blend of PTQ10 and GS-

ISO was not optimal, especially since a device of PTQ10:GS-ISO previously reached PCE of 

almost 9% in one study [56]. 

  

5. Methodological discussion and suggested improvements 

Now when all results have been presented and analysed it is time to reflect on the process. Apart 

from bigger sample size, repeating measurements, performing measurements both in air and in 

nitrogen, tracking the light intensity of the solar simulator and tracking the heating up of the 

samples, some other reflections can be made about the methodology used and about possible 

ways to improve and extend this study. 

 

The study began with light soaking neat films and measuring the absorbance at different time 

points between fresh and 24 hours. It would be worthwhile to implement a similar approach to 

the solar cell devices, as they all ended up almost not working after 12 hours of light soaking. 

Measuring the performance at more timepoints in between would give more insights into how 

the devices degrade over time. In addition, neutral density filters could be used to correct for 
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the different photon doses directly when light soaking. It would also be of interest to optimize 

the active layer preparation conditions, especially for the GS-ISO device as it had very low 

initial performance which made it difficult to evaluate its degradation out of its full capacity. 

 

It was a good strategy to investigate the materials individually and then move on to the BHJ 

blend. Since it was observed that blue light was more detrimental for all neat NFAs, a next step 

could be to use filters to narrow the bandpass region further, to potentially investigate if there 

are more specific photon energies of blue light that are extra damaging to the materials. Since 

it is possible to implement filters on solar cells it would be beneficial to only correct for the 

very specific wavelengths, if that is the case. This since as much as light can be causing 

degradation, as much is it still needed to operate a solar cell. 

 

There was not time enough to embrace the full potential of TAS in this project. A future study 

could involve a fluence series to study the ratio of geminate and non-geminate recombination 

as well as making it possible to confirm the exciton lifetimes to not be shortened by EEA. 

Scanning further out in NIR, and do the oxygen quenching test for triplets, is another standard 

method which there was no room for in this project. 

 

The UV-Vis-NIR absorption spectroscopy gave indications of changes in morphology, packing 

and formation of degradation products. To extend the project it would be useful to investigate 

this by complementary techniques, such as GIWAXS/GISAXS (grazing incidence wide/small 

angle X-Ray scattering) to probe molecular packing, crystallinity and orientation/ the nano-

phase separation [71]. Since the degradation of the D:A morphology is a known issue, it would 

be of interest to investigate this further. If the intrinsic instability is the reason for the dramatic 

burn-in-loss in the devices, and the most kinetically favourable morphology is the most 

thermodynamically unstable, it is a hard but important task to solve. Therefore, additional work 

should be done to understand this further, with the ultimate aim to stabilise the morphology of 

the active layer. 

 

  



 

75 

 

6. Conclusion 

This work investigated the photodegradation of the NFAs Y6, IT4F, GS-ISO and FTCC-Br, as 

well as the donor polymer PTQ10, from neat films, BHJ blends and as solar cell devices.  

 

The results showed that photodegradation is strongly wavelength dependent for IT4F, GS-ISO 

and FTCC-Br, with higher energy photons causing more severe degradation. In contrast, Y6 

exhibited high photostability under the investigated conditions. The absorption spectrum of the 

donor polymer PTQ10 remained very stable after 12 hours of light soaking in all conditions so 

no clear wavelength dependent degradation could be observed. PTQ10 showed good 

photostability in the absorption spectra and compared to the NFAs, no clear signs of formation 

of interchain polaron pairs. However, clearly some degradation was occurring as the PLQY 

decreased and both the PL lifetime and TAS singlet exciton lifetime decreased after light 

soaking. Due to the absence of any clear signatures in the TAS that could be used to identify 

the nature of the degradation states mediating non-radiative decay, it is difficult to say with 

certainty what this might be. Given the possible photophysical processes that can occur in 

organic polymers the potential candidates are the formation of triplet excitons or generation of 

some kind of delocalized exciton or polaronic state. However, due to the fast (sub-nanosecond) 

timescales of the excited state decay in degraded PTQ10 films it is unlikely to be triplet excitons 

as intersystem crossing typically takes place on timescales of nanoseconds to tens of 

nanoseconds [16]. Therefore, the most likely explanation is the formation of a delocalized or 

polaronic state that acts as a rapid recombination channel. Future studies to identify the nature 

of this state could involve TAS in the NIR region to look for the presence of new PIA signatures. 

 

Light soaking significantly altered the photophysical properties of the materials. Decreased 

PLQY and shortened PL lifetimes in the neat films as well as accelerated formation of bound 

polaron pairs in degraded NFAs pointed to an increase in non-radiative recombination 

pathways. Efficient charge transfer was seen for the blends with IT4F and FTCC-Br, also after 

light soaking. The dramatic drop in performance and EQE for the devices could therefore not 

solely be explained by the photodegradation of the active layer. Increase of series resistance 

and decrease in shunt resistance suggested leakage currents and problem at interfaces and by 

the electrodes. 

 

While multiple degradation mechanisms contribute under illumination in air, the results 

consistently indicated that the dominant pathway is the formation of non-radiative 

recombination pathways. This was evidenced by the systematic decrease in PLQY, shortened 

PL lifetimes as well as faster decay dynamics in the TA measurements after light soaking. All 

this pointed to accelerated recombination via trap states and bound polaron pairs formed during 

degradation. The chemical degradation observed in the UV-Vis-NIR spectra of the NFAs, 

including decrease in absorbance and disruption of the conjugated backbones probably limited 

the charge transport and lead to increased recombination. Morphological degradation is also 

expected to play a role. Although not directly investigated in this project, it is suggested that 
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light induced phase separation or formation of larger domains in the active layer could reduce 

the D/A interfacial area and thereby limit charge separation and enhancing recombination [72]. 

 

Overall, this study showed that photodegradation in PTQ10:NFA OSCs is not governed by a 

single mechanism but by a combination of photoinduced chemical changes and increased non-

radiative recombination pathways. Addressing these degradation pathways, especially the 

formation of non-radiative recombination channels and the intrinsic instability of NFAs under 

high-energy illumination, will be crucial for achieving long-term stability in organic 

photovoltaics. 
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Appendix 

 

A. Neat films 

 

Table A.1: Peak wavelength, absorbance for fresh and 24 h light soaked/dark stored neat 

films, and the relative loss in absorption after 24 h (12 h for FTCC-Br) compared to the 

fresh. 

Material Peak 

wavelength 

(nm) 

Absorbance 

Fresh 

Absorbance after 24 h 

(12 h for FTCC-Br) 

Relative 

loss (%) 

Y6 - dark stored 829.0 0.803 0.798 0.62 

Y6 - light soaked 832.0 0.736 0.686 6.79 

IT4F - dark stored 722.0 0.729 0.726 0.41 

IT4F - light soaked 721.0 0.852 0.146 82.86 

GS-ISO - dark stored 636.0 0.5244 0.5240 0.076 

GS-ISO - light soaked 637.0 0.466 0.251 46.14 

FTCC-Br - dark stored 675.0 0.4097 0.4096 0.024 

FTCC-Br - light soaked 675.0 0.411 0.302 26.52 
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Figure A.1: UV-Vis-NIR absorption spectra for neat films of: 

A) Y6 - Light soaked with BP filter 

B) Y6 - Light soaked with LP filter 

C) GS-ISO - Light soaked with BP filter 

D) GS-ISO - Light soaked with LP filter 

E) IT4F - Light soaked with BP filter 

F) IT4F - Light soaked with LP filter 

 

 

 

  


